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1.0 INTRODUCTION
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Hydrologic Consultants, Inc. (HCI) has prepared this report to present the results of
analyses resulting from the hydraulic testing of monitoring well MW-30 completed by Industrial
Compliance (1C) during the period from September 7 through September 10, 1994 near the
Crystal Chemical Site. The hydraulic testing program completed by 1C consisted of monitoring
water levels during a constant rate aquifer test and again during the recovery phase. The test
was performed in the 35-foot Zone southwest of the Crystal Chemical Site.

Ground water was discharged from the 35-foot Zone at MW-30 (pumping well) at a
constant rate for approximately 72 hours. The recovery phase of the test was monitored until
the water level in the pumping well had returned to within 90% of its pre-test level. During
both phases of the test, water levels were monitored in the pumping well and eight monitoring
wells screened within the 35-foot Zone.

The majority of the background information used for this report, including the conceptual
model, cross sections, boring logs, and well completion diagrams, was taken from Volumes 1,
2, and 3 of the Geochemical/Geohydroiogic Report (GEO/GEO) prepared by 1C on July 22,
1994. Additional information regarding this test was conveyed verbally by Mr. Robert Coffman,
a hydrogeologist with 1C. The methodologies used to perform the aquifer test and interpret the
results are described in the following sections.
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2.0 METHODS OF ANALYSIS OF AQUIFER TEST DATA

The following is a brief description of the methods of analysis used by HCI to interpret
the aquifer pumping tests conducted in the 35-foot Zone. The 35-foot Zone has been
characterized as a reddish-gray, very fine-grained sand that varies in thickness from 1 foot at
MW-10 on the eastern edge of the overbank deposits to 22 feet at MW-30 located on the eastern
edge of the distributary channel (1C, 1994b). Boring logs and well completion diagrams for the
nine wells monitored during this test are presented in Appendices A and B, respectively. The
boring logs show that the 35-foot Zone is bound above and below by clay, and cross sections
presented in GEO/GEO report indicate the clays are continuous (1C, 1994b).

This hydrogeologic framework indicates that the 35-foot Zone hi the vicinity of MW-30
comprises a relatively idealized confined aquifer on a local scale, and the pumping test data
should be amenable to analysis by standard well hydraulics formulae.

2.1 THEIS METHOD

COu^1—Io1—<O

The relationship between the discharge rate of a pumping well and the drawdown in the
aquifer that is pumped is expressed by the well-known Theis equation:

(1)4 *7

where

u - 4Tt
(2)

and
s

Q
drawdown at observation well [L];
discharge rate of pumping well [L3/T];
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r — radial distance of observation well from pumping well [L];
S = aquifer storativity [dimensionless];
T = aquifer transmissivity [L2/T];
t = time of observation [time since pumping began]; and

W(u) = the so-called "well function" of u.

where L and T are dimensionally consistent units of length and time. Ultimately in this report,
however, all transmissivity and hydraulic conductivity values will be converted to units of
cm2/sec and cm/sec, respectively, to maintain consistency with the units generally used in other
reports associated with the Crystal Chemical project.

Equation 1 describes non-steady flow in an aquifer subject to the following constraints:

• the aquifer is homogeneous, isotropic, and infinite in areal extent;
• the aquifer is horizontal and of constant thickness;
• the aquifer is fully confined with constant hydraulic parameters T and S;
• water is released instantaneously from storage in the aquifer with a decline in

head;
• the pumping well is of infinitesimal diameter and fully penetrates the aquifer;
• the well is pum]ped at a constant rate; and
• ground-water flow in the aquifer is laminar and obeys Darcy's law.

While these assumptions may appear restrictive, the actual conditions occurring during pumping
tests in real aquifer materials often approach the required conditions sufficiently well that
reasonable estimates can be made of the aquifer parameters using Equations 1 and 2.

oi—*o
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In the so-called "Theis method" of analysis of pumping test data, the values of
drawdown, j, measured in a given observation well through time are plotted against the times
of observation, t, on logarithmic paper. The shape of the data plot will then be similar to a plot
of W(u) versus (vs.) 1/u (the so-called "Theis type curve"), except that the two curves will be
displaced on the plot by constant values that can be used to calculate the hydraulic parameters
r and S of the aquifer tested (Lohman, 1979; Kruseman and de Ridder, 1990).

2.2 THEIS RECOVERY METHOD

When the pump in a well is shut down at the conclusion of a pumping test, water levels
in the pumping well and observation wells will begin to rise. The aquifer thus continues to
respond to the effects of pumping, and the rise or "recovery" of water levels can be further used
to assess the hydraulic properties of the aquifer materials (Kruseman and de Ridder, 1990). The
rise in water levels is known as residual drawdown, s', and is expressed as the difference
between the original water level prior to the commencement of pumping and the water level
measured at a time t' after the cessation of pumping.

The "Theis recovery" method utilizes the relationship:

x log (tit1) (3)

where
s' ~ residual drawdown [L] at observation well; and
t' = time of observation [(T) time since pumping stopped],

and is subject to the assumptions inherent in the Theis solution (described above).
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If the solution conditions are satisfied, values of residual drawdown plotted vs. the ratio
of tit9 on semi-log paper will define a nearly straight line. The slope of the line, As', can be
used to calculate the aquifer transmissivity from:

T -
where As' is the change in residual drawdown per log cycle of t/t* (dimensionless).
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3.0 HYDRAULIC TESTING AND ANALYSIS

The hydraulic testing was comprised of three phases, a step-drawdown test, a constant
flow test, and a recovery period. The step-drawdown test allowed 1C to determine the range of
pumping rates over which the 72-hour constant rate aquifer test could be performed. Based on
equipment and available drawdown limitations, 1C selected a discharge rate of approximately 5.4
gallons per minute (gpm). The constant flow phase of the test lasted 72 hours during which time
well MW-30 was pumped at 5.4 gpm and water levels were monitored in MW-30 and eight
monitoring wells. The recovery phase was monitored in the pumping well and three monitoring
wells for approximately 17 hours. A rain gauge was used to measure precipitation during each
phase of the test.

3.1 HYDROGEOLOGIC SETTING AND MONITORING NETWORK

The pumping well (MW-30) and eight monitoring wells screened within the 35-foot Zone,
were selected as monitoring locations for the test, as shown in Figure 1. These monitoring
locations, their approximate radial distances from the pumping well, and geologic location are
presented on Table 1.

10
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O

Wells MW-30, MW-33, MW-34, and MW-1A were equipped with In-Situ transducers
to measure changes in water levels. Transducers provided automatic measurement of drawdown
in the well at a selected interval of time. In this case, an In-Situ data logger was programmed
to take and record water level measurements in each transducer. The remaining five wells,
MW-2, MW-3, MW-6, MW-9, and MW-10, were monitored with hand-held electronic water
level indicators. Measurement intervals were as follows:
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Time Since
Pumping Began

0 to 100 min
10 - 100 min
100 - 1000 min
1,000 min - end of test

0 - 60 min

60 - 660 min

660 - 900 min

900 min - end of test

Frequency of Water-Level
Measurements

logarithmic from 0.0083 to 2 minutes
every 2 minutes
every 20 minutes
every 200 minutes

every 5 minutes

every 30 minutes

every 60 minutes

every 240 minutes

ootn
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All of the wells monitored during the test are reported to be screened in the 35-ft Zone.
MW-30 is located wkhln the distributary channel where the 35-foot zone is in excess of 20 feet
thick (1C, 1994a and 1994b). MW-33 and MW-34 are located south of the pumping well on the
east and west sides of the chatnnel, respectively, and are also screened within the 35-ft Zone.
MW-33 and MW-34 are located in the area believed to be associated with the distributary mouth
bar deposits, where the distributary channel widened. MW-1A, MW-2, MW-3, and MW-10 are
located north of the pumping well and east of the levee in the overbank deposits that comprise
the 35-foot Zone in this area (1C, 1994a). MW-1A is screened across an eight-foot section of
the 35-ft Zone 290 feet north of the pumping well. MW-2 is screened across a four-foot section
of the 35-ft Zone within the sediments immediately east of the levee. MW-3 is screened across
a 10 foot interval of the 35-ft Zone within the overbank deposits where the crevasse splay is
present along the northern edge of the Crystal Chemical Site. MW-10 is screened across a one-
foot thick interval of the 35-ft Zone where the eastern margin of the overbank system pinches
out. MW-6 and MW-9 are screened across two and four-feet thick sections, respectively, of the
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35-ft Zone west of the depositional channel. Water level in the flood control channel was
monitored during the last half of the test using water level indicator suspended from the bridge
on Westpark Drive. These data are presented hi Appendix C.

A continuous-brick red clay deposit bounds the bottom of the 35-ft Zone throughout the
area. A calcareous clay unit overlies the 35-ft Zone in this area, producing a relatively well
confined water-bearing zone.

3.2 CONSTANT RATE PUMPING TEST AND RECOVERY

The constant-rate aquifer test began at approximately 4:00 pm on September 7, 1994.
A Grundfos Redi-flo2 submersible pump was activated at a discharge rate of approximately 5.4
gpm. HCI does not have records that show the variation in flow rate over time, however for
the purpose of these analyses, it was assumed that the flow rate was constant at 5.4 gpm for the
duration of the test. The water level in the pumping well dropped ten feet within the first
minute due to the removal of well bore storage. Summaries of the data collected during the
pumping and recovery periods and a discussion of HCI's interpretation of these data are given
in the following sections.

O
r—HO

Inspection of the time-drawdown plots presented in Figures 2 through 10 reveals that an
increase in water levels within the measured wells occurred at about 2200 minutes. Four
precipitation events occurred during the test as shown in Figure 11. However, the important
rain event with respect to the aquifer test, occurred at approximately 2300 minutes (38 hours)
and involved 1.1 inches of raiin in a 30 minute period. The effect of the rain on water levels
can be seen in the time-drawdown data presented in Figures 2 through 10. Although all of the
monitoring wells appeared to respond to the precipitation event, the Log drawdown Log Time
plots suggest the influence was greater in some locations than others. This is partly due to the
graphical distortion of the logarithmic scaling, but primarily due to natural variations in clay

8
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thickness and infiltration rates across the site. The one-inch precipitation event became
important in the analysis of llie recovery data.

3.2.1 Zone of Influence

As shown in Figures 2 through 10, all of the wells were impacted by the 1.1-inch
precipitation event, however only wells within 500 feet of the pumping well experienced
additional net drawdown after the rain. Therefore, it is more useful to discuss impact prior to
the rain which occurred 38.5 hours after the beginning of the test.

Approximately 38.5 hours into the constant rate aquifer test, there was no impact at
MW-10, suggesting that this well is not within the zone of influence of the stress applied at
MW-30. However, drawdown was observed in all seven of the other monitoring wells.
Specifically, the stress propagated over 780 feet to the north through the sands at depth in the
overbank deposits, as evidenced by the observation of 0. 1 1 feet of drawdown at well MW-2.
In general t-^rns, drawdown decreases with distance in an expected logarithmic fashion from the
pumping well to the north through the overbank system deposits (Figure 1). Similarly,
drawdown propagates 536 feet to the northwest, creating 0.35 feet of drawdown in MW-6 and
propagates 200 feet to the southwest, creating 2.4 feet of drawdown hi MW-34.

Drawdown in the pumping and monitoring wells just prior to the 1.1-inch precipitation
, event and at the end of the 72-hour aquifer test are presented below.

oi—*o
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Well

MW-30
MW-33
MW-34
MW-1A
MW-2
MW-3
MW-6
MW-9
MW-10

Distance from
(MW-30) (ft)

0
100
200
290
785
616
536
516
830

Direction

NA
South
South
North
North
North
North and West
North and West
North and East

Drawdown Prior to
1.1-inch

Precipitation Event
L tft)

17.53
3.65
2.30
1.44
0.1 1
0.25
0.35
0.48
0.0

Drawdown at
72 Hours (ft)

18.2
3.8
2.4
1 .5

-0.05
0.10
0.20
0.44
-0.1

o
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3.2.2 Hydraulic Analyses

Two analyses were completed to estimate aquifer properties, one from the constant rate
discharge test (Theis analysis), and one from recovery of the water levels (Theis recovery
analysis).

3.2.2.1 Theis Analysis

The first method applied to evaluation of the water levels measured during the drawdown
test was the standard Theis Method utilizing curve fitting, as described in Section 2.1 . Log
drawdown vs. log time plots for the pumping well and. each of the monitoring points where
drawdown was observed are presented in Figures 2 through 10.

10
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The time-drawdown data from the pumping well, shown In Figure 3 plots as a straight
line on the log-log scale, indicating a linear drawdown with time. This behavior is contrary to
the predictable log-linear behavior usually exhibited by porous media under stress, and is
explained by the depletion of wellbore storage in MW-30. As a result, the early portion (0 to
20 seconds) of time-drawdown data is unreliable and was not considered in these calculations.
Furthermore, because nonlinear head losses are typically large in the pumping well, water-level
data from MW-30 were not used to analyze aquifer transmissivity during the drawdown phase
of the test.

Time-drawdown data from MW-33, MW-34, and MW-1A, all monitored by transducers,
prior to the precipitation event provided data amenable to Theis curve fitting. In addition, data
from MW-6 and MW-9, monitored manually with an electronic water level indicator, were used
for Theis analyses, although these data were considerably lower in quality for such analyses.
The other three manually monitored wells were not useful for aquifer property calculations. The
results of the Theis analyses rendered transmissivity values ranging from 1.0 to 4.4 cm2/sec and
stcrpuvities ranging from 0.0003 to 0.0013. These results are summarized in Table 2.

<N^O
ôHo

3.2.2.2 Theis Recovery Analysis

The recovery phase of the constant rate aquifer test began at approximately 4:30 pm on
September 10, 1994, 72 hours; after initiation of the constant rate test. Monitoring of recovery
in wells equipped with transducers continued for 17 hours until the pumping well had recovered
to within 90% of its initial water level. The recovery was analyzed using the Theis Recovery
Method as described hi Section 2.2. Plots of residual drawdown, s\ vs. t/t' are presented in
Figures 12 through 15.

The important part of a recovery curve is the straight line portion during the last phase
of recovery, when the plot of residual drawdown vs. log t/t' approaches the "origin", where

11
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residual drawdown is 0 and t/t* is 1. In theory, the data should align with the "origin" of the
graph. For this particular test, the data plot as a straight line which appears to intercept the
residual drawdown axis at a higher level than the initial level in the well prior to the test. This
is a result of recharge from the l.i-inch precipitation event. The precipitation event added
additional water to the hydrologic system, causing the wells to recover to a level above that
recorded prior to the test. Given this observation, the data are therefore still considered valid,
and the Theis recovery method applies using the last log cycle of monitored recovery.

Transmissivity analyses were performed for time-residual drawdown data recorded at
MW-30, MW-33, MW-34, and MW-1A and the results are summarized in Table 2.
Transmissivities calculated from the recovery phase of the test ranged from 1.3 to 1.9 cm2/sec.

m̂oi—<o
i-H
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4.0 INTERPRETATIONS
o1—Io

The time-drawdown data from the wells equipped with transducers during the aquifer test
represent a nearly ideal aquifer and the analyses from these wells can be considered to be very
reliable. The wells which were monitored by hand, including MW-2, MW-3, MW-6, MW-9,
and MW-10, were less reliable for several reasons, including instrument accuracy, the potential
for human error, and the distance of these wells from the pumping well. The potential for
encountering a heterogeneity in a "homogeneous" aquifer increases with distance from the well.
HCI has found in this aquifer test (Table 2), the aquifer test at PW3 (HCI, 1994), and other tests
at other sites, that the transmissivity values derived from hydraulic analyses tend to increase with
distance from the pumping well. Because of this trend and the general inferiority of the data
generated from MW-6 and MW-9, which were used for calculation of transmissivity and
storativity, the aquifer properties computed using MW--6 and MW-9 were not included in the
calculation of mean values for the 35-ft Zone in the vicinity of MW-30.

13
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5.0 CONCLUSIONS

The results of the aquifer test of the 35-foot Zone are summarized in Table 2. The
geometric mean value of transmissivity of the 35-foot Zone in the vicinity of MW-30 is
calculated to be 1.4 cm2/sec. There was very good agreement between values calculated from
the Theis curve matching and Theis recovery methods at each location. There was also good
agreement between values calculated from data measured at different locations. Given an
average aquifer thickness of approximately 18 feet (1C, 1994b and 1994c), the average hydraulic
conductivity was estimated to be 2.6 x 10"3 cm/sec. This is a reasonable value for fine grained
sands (Freeze and Cherry, 1979) and it agrees with the transmissivity and hydraulic conductivity
values derived from the aquiifer test performed at PW3 (HCI, 1994), also located in the 35-ft
Zone. The average storativity value of 0.0015, derived from the Theis curve matching method,
is also in reasonable agreement with expected values for a confined fine grained sand aquifer
(Freeze and Cherry, 1979).

o'—<o
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TABLE 1
Monitoring Well Network

OGi—(
O
l—H
O

Well

MW-30

MW-33
*
MW-34

MW-1A

MW-2

MW-3

MW-6

MW-9

MW-10

Flood
Control
Channel

Purpose/
Measurement

Device
Pumping Well/
Transducer
Monitoring
Well/Transducer
Monitoring
Well/Transducer
Monitoring
Well/Transducer
Monitoring
Well/WU
Monitoring
Well/WLI
Monitoring
Well/WLI
Monitoring
Well/WLI
Monitoring
Well/WLI

Surface
Water/WLÎ

Radial
Distance

from MW-30
(ft) ;
0

100

200

290

785

616

536

516

830

785

Approximate
Interval of
354tZ6nea)

(depth in ft)

37-59

35-54

31-50

36-44

34-38

34-44

36-38

33-37

33-34

N/A

Approximate
Screened
Interval̂
(depth in ft)

37-57

33-54

29-50

35-43

30-40

34-44

35-40

32-37

33-38

N/A

Location/Geology

East side of
distributary channel
East side of
distributary channel
West of distributary
channel
Screened in-overbank
system deposits
Screened in overbank
system deposits
Screened in overbank
system deposits
West of distributary
channel
West of distributary
channel
Eastern edge of
overbank system
deposits

™

(2)
•5)

Refer to Appendix A.
Refer to Appendix B. Screened interval assumes that a two-column of filter sand exists between the top
of the screen and the bottom of the bentonite seal.
Measured using a water level indicator hung from Westpark Drive Bridge.



TABLE 2
Hydraulic Parameters Estimated from Analysis of Aquifer Test

COoo
r—<o1—Io

Well
MW-30
MW-33
MW-34
MW-1A

Transmissivity cm%
Theis Curve-
Matching

(1)
1 .0
1 .3
2 . 1

: :. Jil eaii Transm
MW-6
MW-9

4.4
4.0

Theis Recovery

1 .3
1.4
1.3
1.9

see,-. . , . . : , , : ; • ' "" : : < , - - . - ' •
Aritlimetic
Average

1 .3
1.2
1.3
2.0

is;smty;'' = ?li4 ; ' ' ! / ' : ; ; ; ^
: : j : ; . ; " ; . ; 'V ' • ;/ : < : : . . . ;"

(2)
(2)

4.4
4.0

Storativity
Theis Method

N/A
0.0023
0.0020
0.0003

, S:';^:^!o€ili5.S:

0.0013
0.0010

S == Average storativity based on these data.
(1) = Pumping well not used in calculation of aquifer properties during constant flow test due

to well loss.
(2) = Recovery not monitored in wells that were not fitted with transducers.
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Boring Logs
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|gg| Industrial Compliance
^3r A SuUxJiory of SP Environmental Sytttnw, inc.

LOG OF BORING NUMBER MW-3Q
J-JjHB LOCATION DtARRAIJ-ii ^^m^ggf̂ MBMJ——— mmmm

) CLIENT: SOUTHERN PACIRC UNES
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 4-4101724
PROJECT LOCATION:, 3502 ROGERDALE RD.

HOUSTON, TX
BORING LOCATION:

START DATE: 12/17/93 FINISH DATE: 12/18/93
START TIME: 0900 FINISH TIME: 0930
SAMPLERTYPE

»

)

) ___

SAMPLE NO.& DEPTH OVAREADING SPTRECOVERY

90%

100%

100%

100%

DEPTHIN FEET

5

10

15

20

SOILGRAPH

CH

6.0
SM
7.0

CH
9.0

SM

14.2

CL

DRILLING METHOD:
HOLLOW STEM AUGERS

SAMPLING METHOD: '•O =

5-FOOT SPLIT BARREL ±!
O :

SURFACE ELEVATION: ^ f
WATER LEVEL ',
TIME:
DATE:

SOIL DESCRIPTION AND DRILUNG CONDITIONS
GRAY TO GREENISH GRAY STIFF TO MEDIUM STIFF CLAY (CH). BLOCKY
IN PART

GRADING TO GRAY STIFF CLAY (CH)

TAN SILTY VERY FINE TO FINE-GRAINED SAND (SM)

GREEN. GRAY AND ORANGE MOTTLED VERY STIFF CLAY (CH)
BLOCKY IN PART

TAN SILTY VERY FINE-GRAINED SAND (SM) GRAY NODULES THROUGHOUT

*

GREEN AND TAN MOTTLED VERY STIFF SILTY CLAY (CL) BLOCKY IN PART

CALCAREOUS NODULES (15%) AT 17.5 TO 19 FEET

GEOLOGIST: JOHN NORMAN
CHECKED BY: DATE:
DRILUNG CONTRACTOR: FUGRO CEOSCIENCES, INC.



MW
30

L2

$j& Industrial Compliance
<̂SF * Subftdwry of SP Environmental Syrtjmt, inc.

LOG OF BORING NUMBER MW-30
LOCAT.ON DIGRAM:

"\CLIENT: SOUTHERN PACIFIC LINES
7 PROJECT NAME: CRYSTAL CHEMICAL

PROJECT NUMBER: 4410 1724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON, TX
BORING LOCATION:

START DATE: 12/17/93 FINISH DATE: 12/18/93
START TIME: 0900 RNISH TIME: 0930

SAMPLERTYPE

}

)J

SAMPLE NO.
4 DEPTH

OVAREADING SPTRECOVERY

90%

100%

100%

75%

DEPTHIN FEET

25

30

35

40

SOILGRAPH

CL

24.0

CH

27.5

CL

37.5

SM

DRILLING METHOD:
HOLLOW STEM AUGERS

———————————————————————— ^OSAMPLING METHOD: oo
5-FOOT SPLIT BARREL !±Oi — <
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
GREEN VERY STIFF SLIGHTLY SfLTY CLAY (CL) W/OCCAS10NAL RED CLAY
NODULES. CALCAREOUS

GREEN AND RED VERY STIFF CLAY (CH) WAELLOW IRON STAINING

GREEN AND YELLOW MEDIUM STIFF SANDY CLAY (CL)

INCREASE SAND AND SILT CONTENT
•

LIGHT GREEN AND RED SILTY VERY FINE-GRAINED SANDY CLAY (CL)
SATURATED AT 35.5 FEET

RED SILTY VERY FINE TO FINE-GRAINED GRAVELLY SAND

GEOLOGIST: JOHN NORMAN
CHECKED BY: DATE:
DRILUNG CONTRACTOR: FUCRO GEOSCIENCES. INC.



«

MW
30

L3

£j& Industrial Compliance
*^BF * Sub«dary of SP £nvironn»rtal SyttiRit, Inc.

LOG OF BORING NUMBER MW-2
* JB j Jl SHEET NUMBER 3 OF 4

—— -
(CLIENT: SOUTHERN PACIFIC UNES
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 4-4101724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON. TX
BORING LOCATION:

START DATE: 12/17/93 FINISH DATE: 12/18/93
START TIME: 0900 FINISH TIME: 0930
SAMPLER

TYPE

)

SAMPLE NO.
& DEPTH OVA

READING SPTRECOVERY

100%

100%

50%

80%

DEPTHIN FEET

4-5

50

55

60

SOILGRAPH

SM

43.5
ML

SM/ML

48.5
CL

SM

59.0

if MJigHr LOCATION DIAGRAM:=̂ 5ŝ l5«jl|H» .
DRILLING METHOD:
HOLLOW STEM AUGERS fc

h-,
SAMPLING METHOD: °° -
5-FOOT SPLIT BARREL O

r-H—————— - ————————————————————— ^) i~SURFACE ELEVATION:
VYATER LEVEL: L
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
RED SILTY VERY FINE TO FINE-GRAINED GRAVELLY SAND W/OCCASIONAL
HARD CEMENTED SAND LENSES

TAN TO RED SILTY VERY FINE GRAINED SAND (SM) W/OCCASIONAL
CALCAREOUS NODULES AND GREEN CLAY NODULES, CEMENTED
SAND FRAGMENTS
RED VERY FINE-GRAINED SANDY SILT (ML)

RED TO TAN SANDY SILT AND SILTY VERY RNE-GRAJNED SAND (SM/ML)
OCCASIONAL CALCAREOUS NODULES AND CEMENTED SAND FRAGMENTS

RED SILTY/SANOY MEDIUM STIFF CLAY LENSE
RED SILTY VERY RNE-GRAINED SAND (SM)

•

RED STIFF SANDY/CLAYEY SILT (ML) LOOSING MOISTURE•

GEOLOGIST: JOHN NORMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.



$j& Industrial Compliance
"^Sf * SutaxSory of SP Envirennwifal System*, Inc.

LOG OF BORING NUMBER MW-3Q

J^Jmii LOCATION DIAGRAM:.HBB^HH
CLIENT; SOUTHERN PACIFIC LINES
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 4-4 10 1724
PROJECT LOCATION: 3502 ROGEROALE RO.

HOUSTON, TX
BORING LOCATION:

START DATE: 12/17/93 FINISH DATE: 12/18/93
START TIME: 0900 FINISH TIME: 0930

SAMPLER
TYPE

R

)

)

SAUPLE NO.<k DEPTH
OVAREADING SPTRECOVERY DEPTHIN FEET

65_

70

-

SOILGRAPH

ML

67.0

CH

69.0

DRILLING METHOD:
HOLLOW STEM AUGERS

—————————————————————————————————————————————————————————————————————————————— QQ

SAMPLING METHOD: oo
S-FOOT SPUT BARREL ^———————————————————————— Oi — i
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
RED SANDY SILT (ML) NO CLAY NOTED W/OCCASIONAL CALCAREOUS
STRINGERS. MOIST

RED AND GRAY VERY STIFF CLAY (CH)

BOTTOM OF BORING AT 69 FEET

*

GEOLOGIST: JOHN NORMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO CEOSCIEMCES. INC.



CR
YS

TL1

4ffi|k Industrial Compliance
^^Bp A Subtidkry of SP Environmental SytUmi, Inc.

^CLIENT: SOUTHERN PACIRC LINES
'PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44101724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON, IX
BORING LOCATION:

START DATE: 3/3/94 RNISH DATE; 3/4/94
START TIME: 1055 RNISH TIME: 0843
SAWPt£RTYPE

-

}

^

SAMPLE NO.& DEPTH OVA
READING

SPTRECOVERY

100%

100%

100%

100%

100%

DEPTHIN FEET

5

ID-

15 —> *y

20

SOILGRAPH

FILL
1 .5

CH

12.0

CL

17 .0

CL

LOG OF SORING NUMBER SB- IS
m SHEET NUMBER 1 OF 3
1 LOCATION DIAGRAM:
r

DRILLING METHOD: Hollow-stem
Auaer

O>
SAMPLING METHOD: 5-foot split °O
barrel O
SURFACE ELEVATION: ^
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
BUFF TO TAN STIFF SANDY CLAY (CL), CLEAN FILL MATERIAL

BLACK MEDIUM STIFF CLAY (CL) W/ROOT & OCCASIONAL
Fe NODULES

GRADING TO DARK GRAY AND STIFF

GRADING TO GRAY W/OCCASIONAL LARGE CALCAREOUS NODULES,
BECOMING VERY STIFF AND BLOCKY IN PART

GRADING TO GREENISH GRAY. BECOMING CALCAREOUS

CALCAREOUS ZONE AT 9 FEET

GRADING TO RED AND GREENISH GRAY MOTTLED VERY STIFF
CALCAREOUS
Fe NODULES

CLAY W/OCCASIONAL CALCAREOUS NODULES,
ABSENT

LIGHT GRAY STIFF SANDY CLAY (CL) W/OCCASIONAL Fe AND YELLO
RON STAINING, BLOCKY IN PART, SAND CONTENT APPROX. 15%

BECOMING TAN AND GRAY MOTTLED W/OCCASIONAL Fe AND
CALCAREOUS NODULES

CALCAREOUS ZONE, LOOSE AND FRIABLE AT 16.5 FEET TAN BLOCH
SILTY/SANDY CLAY (CL) W/ABUNDANT CALCAREOUS NODULES

CALCAREOUS ZONE AT 18.5 FEET SILTY/SANDY CLAY SLIGHTLY Wf
POSSIBLE PERCHED WATER ZONE 4-INCHES THICK
GRADING TO GRAY STIFF SANDY CLAY (CL) W/OCCASIONAL YELLOV
IRON STAINING BLOCKY IN PART, DRY

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
QRH.UNG CONTRACTOR; RJCRO GEOSCJENCES. INC.



|Sg| Industrial Compliance
^Sir A Subskfiory of SP Environrrwitat Systimi, Inc.

LOG OF BORING NUMBER S8-1S

— ==iam^S - LOCAT10N OIAGRAM-HHBMnnaov
\CLIENT: SOUTHERN PACIFIC LINES

'PROJECT NAME.- CRYSTAL CHEMICAL
PROJECT NUMBER: 44101724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON. TX
BORING LOCATION:

START DATE: 3/3/94 FINISH DATE: 3/4/94
START TIME: 1055 FINISH TIME: 0843

SAMPLER
TYPE

»

) ——————

VERY H
/

SAMPLE NO.
* OEFTH

«D DRILLI

OVAREADING

*G

SPTRECOVERY

100%

100%

100%

80%

DEPTHIN FEET

95 —4_W

30 —

35 —

40

SOILGRAPH

CL

23.0
CH
CL

CH

27.5

CL

35.5

SM

.DRILLING METHOD: Hollow-stem
Auaer 

_̂
SAMPLING METHOD: 5-foot split Q^
barrel » — <

O -,, —————————————————————— i — (
SURFACE ELEVATION: O "
WATER LEVEL- S
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
GRAY STIFF SANDY CLAY (CL) W/OCCASIONAL YELLOW IRON STA1NIN
BLOCKY IN PART

CAKCAREOUS ZONE AT 22.5 FEET. 6-INCHES THICK, DRY RED ANC
GRAY VERY STIFF CLAY (CH) CALCAREOUS W/WHITE CALCAREOUS
VEINS
VERY FINE SANDY CLAY (CL) ZONE AT 24 FEET
RED AND GRAY VERY STIFF CLAY (CH> CALCAREOUS W/CALCAREOb-
ZONES THROUGHOUT

RED AND GRAY STIFF SANDY CLAY (CL)
BECOMING SILTY AT 28 FEET

GRADING TO TAN AND UGHT GRAY MOTTLED STIFF SANDY/SILTY CLAY (CL
CALCAREOUS IN PART W/OCCASIONAL CALCAREOUS NODULES

•

CALCAREOUS ZONE AT 33.5 FEET

MOIST W/ABUNOANT CALCAREOUS NODULES

BUFF TO UGHT GRAY VERY S1LTY, VERY FINE GRAINED SAND (SM)
SATURATED

GRADING TO REDDISH BROWN, SILT CONTENT DECREASING

OCCASIONAL UGHT GRAY SILTY STRINGERS

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSClENCES. INC.



o

$j& Industrial Compliance
^^P A Subeidwry of SP Emironmtntot Syitwro, Inc.

LOG OF BORING NUMBER S8-1S

J JOW LOCATION DIAGRAM:=f&MKII
) CLIENT: SOUTHERN PACIFIC LINES

PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 4410 1724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON. TX
BORING LOCATION:

START DATE: 3/3/94 FINISH DATE: 3/4/94
START TIME: 1055 FINISH TIME: 0843

SAMPLERTYPE

DRILLED
HARD ZC

}

)

SAUPLE NO.* DEPTH

WfTH CEN"
INE 42 TO

GVAREADING

ER 8!T
43.5 f

SPTRECOVERS

100%

THROUGH
EET

100%

95%

95%

DEPTHIN FEET

I

4*5 —T^i-/

50 -

55 -

60

SOILGRAPH

SM

SW

SM

54.5

CH

58.5

DRILLING METHOD: Hoilow-stem
Auaer
SAMPLING METHOD: 5-foot split _ , '
barrel O*\. — . — . _ TW(O =
SURFACE ELEVATION: ^ -
WATER LEVEL ^ r

TIME:
DATE: -

SOIL DESCRIPTION AND DRILLING CONDITIONS
BROWN SLIGHTLY SILTY VERY FINE-GRAINED SAND (SM) POORLY
SORTED. HARD DRILLING

BROWN MODERATE TO WELL CEMENTED SAND

RED SiLTY VERY FINE-GRAINED SAND (SM) W/OCCASIONAL
MODERATELY CEMENTED ZONES THROUGHOUT

RED SILTY VERY FINE-GRAINED SAND (SM)

INCREASE GKAIN SIZE TO FINE-GRAINED

RED VERY STIFF CLAY (CH) CALCAREOUS . W/OCCASIONAL
CALCAREOUS NODULES

BOTTOM OF BORING AT 58.5 FEET

GEOLOGIST: Robert Coffman
CHECKED BY: DATE:
DRILLING CONTRACTOR: RJGRO GEOSCIENCES. INC.



J^ Industrial Compliance
^^P7 A Sgbiklwry of SP ErwirowTwrtol Syitimi; Inc.

iTWtam
CLJENT: SOUTHERN PACIFIC UNES

^PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44101724
PROJECT LOCATION: 3502 ROGEROALE RD.

HOUSTON . TX
SORING LOCATION:

START DATE: 3/14/94 FINISH DATE: 3/15/94
START TIME: 1545 FINISH TIME: 0925

SAMPLERTYPE

'

)

-

()

SAMPLE NO.& DEPTH OVAREADING SPTRECOVERY

100%

100%

100%

100%

DEPTHM FEET

5 —

10 —

15 —1 sJ

20

SOILGRAPH

RLL

CH

CH

1 1 .5

CL

DRILLING METHOD: Hollow-stem
Auqer
SAMPLING METHOD: S-foot split
barrel

SURFACE ELEVATION:
WATER LEVEL
TIME:
DATE:

SOIL DESCRIPTION

LOG OF BORING NUMBER S8-6S
SHEET NUMBER 1 OF 3
LOCATION DIAGRAM:

<NCTN
i —— 4o
*— (O

AND DRILLING CONDITIONS
BUFF TO TAN STIFF SANDY CLAY (CL> FILL MATERIAL

BLACK MEDIUM STIFF CLAY (CH) W/OCCASIONAL Fe NODULES
AND ROOTS

GRADING TO DARK GRAY, INCREASE Fe NODULES, NO ROOTS

GRADING TO GREENISH GRAY W/OCCASIONAL TAN MOTTLES AND
CALCAREOUS NODULES

BECOMING BLOCKY IN PART, INCREASE CALCAREOUS NODULES

BECOMING CALCAREOUS

CALCAREOUS ZONE AT 3.5 FEET

GRADING TO RED AND LIGHT GRAY

LIGHT GRAY STIFF SANDY CLAY (CL) W/YELLOW IRON STAINING
CALCAREOUS

Fe AND CALCAREOUS NODULES BELOW 13 FEET

CALCAREOUS ZONE AT 14.5 FEET. FRIABLE

BECOMING SLIGHTLY SILTY

CALCAREOUS ZONE AT 17 FEET

LARGE Fe AND CALCAREOUS NODULES BELOW 18 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.
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1®! Industrial Compliance
^^P A Subtidfory of SP Enwonmtntai Systims, Inc.

LOG OF BORING NUMBER SB-6S
=====g|™=|=5» SHEET NUMBER 2 OF 3

. „. Brî liflff LOCATION DIAGRAM:
-. J. ̂SS

CLIENT: SOUTHERN PACIFIC UNESVROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44101724
PROJECT LOCATION: 3502 ROGERDALE FtO.HOUSTON . TX
BORING LOCATION:

START DATE: 3/14/94 FINISH DATE: 3/15/94
START TIME: 1545 FINISH TIME: 0925

SAMPLERTYPE

"

}

)

SAMPLE NO.* DEPTH OVA
READING

SPTRECOVER?

100%

20%

9%

40%

DEPTHIN FEET

30-

35 —

40

SOILGRAPH

CL
21.5
Calc.

CH

28.5
ML
29.5
CL
31 .0
SM

£-^̂ E==̂ ^SlHII|E|ialf „-:
DRILLING METHOD: Hollow-stem *
Auaer fc

m
SAMPLING METHOD: 5-foot split ^
barrel ^

^ t
SURFACE ELEVATION:
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
LIGHT GRAY AND TAN MOTLED SILTY/SANDY CLAY (CL); MOIST

BECOMING VERY STIFF
CALCAREOUS ZONE AT 21 .5 FEET RED AND WHITE; DRY
RED AND GRAY VERY STIFF CLAY (CH) CALCAREOUS; BLOCKY
W/WHITE CALCAREOUS VEINS

RED AND GRAY MOTTLED LOOSE CLAYEY SILT (ML); WET
VERY CALCAREOUS, BLOCKY
RED AND GRAY VERY STIFF SANDY CLAY (CL) CALCAREOUS
SLOCKY IN PART; DRY
GRADING TO SOFT SILTY/SANDY CLAY (CL) HIGH SAND CONTENT; MOIST
RED AND LIGHT GRAY VERY SILTY VERY FINE-GRAINED SAND (SM); WET

DECREASE SILT CONTENT
GRADING TO RED, SATURATED W/SOME MODERATELY CEMENTED
FRAGMENTS

SLIGHT INCREASE IN GRAIN SIZE BELOW .35 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.
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0j& Industrial Compliance
^^y A Subcidfary of SP Erwonmwtoi Syttwrn, Inc.

LOG OF BORING NUMBER SB-6S

fllCjHif LOCATION DIAGRAM:^mifflg
CLIENT: SOUTHERN PACIFIC LINES

^PROJECT NAME: CRYSTAL CHEMICAL'PROJECT NUMBER: 4410 1724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON, TX
BORING LOCATION:

START DATE: 3/14/94 RNISH DATE: 3/15/94
START TIME: 1545 FINISH TIME: 0925

SAMPLERTYPE

)

)

SAMPLE NO.* DEPTH OVAREADING SPTRECOVERY

50%

35%

DEPTHIN FEET

45 —

50-

55

60

SOILGRAPH

SM

43.5

SP

46.0

SM

48.5

SP
50.0

CH

53.0

DRILLING METHOD: Hollow-stem ~
Auaer ^J.
SAMPLING METHOD: 5-foot split O\ „„
barrel — .

i — <
SURFACE ELEVATION: ^ I
WATER LEVEL: it
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
RED SLIGHTLY SILTY VERY FINE-GRAINED SAND (SM); SATURATED

RED VERY RNE-GRAINED SAND (SP); SATURATED

RED VERY SILTY VERY RNE-GRAINED SAND (SM)

RED VERY FINE-GRAINED SAND

RED VERY STIFF CLAY (CH) CALCAREOUS W/OCCASIONAL
CALCAREOUS NODULES

BOTTOM OF BORING AT 53.0 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.

n FT "CH"



dj& industrial Compliance
X®F A SutMttory of SP Envirannwitai Syttimt, Inc.

1 ,.,̂ _.=^^EjHJM»

ktlENT: SOUTHERN PACIFIC LINES
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 4-4101724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON, TX
BORING LOCATION:

START DATE: 1/31/94 FINISH DATE: 2/4/94
START TIME: 1530 FINISH TIME: 1030

SAMPLERTYPE
2-FOOT
SHELBY
TUBE

!

)

'

5-FOOT
SPLIT
BARREL

y

SAUPU NO.4 DEPTH OVA
READING

SPTRECOVERY

50%

50%

30%

55%

75%

100%

100%

DEPTHIN FEET

5

10

15

20

SOILGRAPH

CLEAN
HU-

GH

CH

r
DRILLING METHOD:
HOLLOW STEM AUGERS

SAMPLING METHOD:
2-FOOT SHELBY TUBES AND
5-FOOT SPUT BARRELS
SURFACE ELEVATION:
WATER LEVEL
TIME:
DATE:

SOIL DESCRIPTION AND
BUFF TO LIGHT TAN STIFF SANDY CLAY

LOG OF BORING NUMBER MW-U
SHEET NUMBER 1 OF 3
LOCATION DIAGRAM:

tna\f— ioT — io

DRILLING CONDITIONS
(CL) - CLEAN FILL

BLACK STIFF CLAY (CH) BLOCKY W/OCCASIONAL Fe NODULES

GRADING TO DARK GRAY

GRADING TO GRAY W/OCCASIONAL CALCAREOUS NODULES BELOW 7 FEET

GRADING TO UGHT GRAY W/OCCASIONAL YELLOW IRON STAINING

LARGE CALCAREOUS NODULES AT 10 FEET

GRADING TO UGHT GRAY AND RED STIFF CLAY W/OCCASIONAL Fe AND
CALCAREOUS NODULES BELOW 11 FEET

CALCAREOUS BELOW 12 FEET W/OCCASIONAL CALCAREOUS ZONES

GRADING TO GRAY VERY STIFF CLAY W/YELLOW IRON STAINING THROUGHOU~
AND OCCASIONAL Fe AND CALCAREOUS NODULES

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.
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|g^ Industrial Compliance
^^^r A SubiJdtary of SP Environmental Systvrai, Inc. Jfrn^SSfAUlutsV

^CLIENT: SOUTHERN PACIFIC LINES
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44101724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON, TX
BORING LOCATION:

START DATE: 1/31/94 FINISH DATE: 2/4/94
START TIME: 1530 FINISH TIME: 1030

SAMPLERTYPE

>

}

/

SAMPLE NO.& DEPTH OVAREADING SPTRECOVERY

100%

100%

100%

100%

DEPTHIN FEET

25_

30

' 35

40

•

SOILGRAPH

CL

CH

CL

^PoO

SM

DRILLING METHOD:
HOLLOW STEM AUGERS

SAMPUNG METHOD:
2-FOOT SHEL9Y TUBES AND
5-FOOT SPLIT BARRELS
SURFACE ELEVATION:
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION
LIGHT GRAY STIFF SLIGHTLY SANDY
Fe AND CALCAREOUS NODULES

LOG OF SORING NUMBER MW-1A
SHEET NUMBER 2 OF 3
LOCATION DIAGRAM:

—— VO
ON -
i —— 4— o
r-H
0

AND DRILLING CONDITIONS
CLAY (CL) CALCAREOUS W/OCCASIONAL

CALCAREOUS ZONE AT 21.5 FEET AND 22 FEET

ABUNDANT LARGE Fe IRONSTONES BELOW 23.5 FEET

RED AND GRAY VERY STIFF CLAY (CH) CALCAREOUS W/OCCASIONAL Fe
NODULES
LIGHT GRAY AND RED STIFF SANDY CLAY (CL) W/YELLOW IRON STAINING
AND CALCAREOUS NODULES

SILTY IN PART AT 29.5 FEET TO 31 FEET

BECOMING UGHT GRAY W/YELLOW IRON STAINING; INCREASING SAND CONTE-1

TO APPROXIMATELY 25%

GRADING TO UGHT GRAY; MOIST

CALCAREOUS ZONE AT 33.5 FEET. MODERATELY CEMENTED

CALCAREOUS ZONE AT 34.5 FEET. MODERATELY CEMENTED
SAND CONTENT APPROXIMATELY 40% AT 35 FEET
UGHT GRAY AND BROWN CLAYEY VERY FINE-GRAINED SAND (SC); WET

UGHT GRAY SILTY VERY RNE-GRAJNED SAND (SM)

BECOMING UGHT GRAY TO BUFF, DECREASE SILT CONTENT

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.
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^g| Industrial Compliance
^^^ A Subttdwry of SP Enwonnwntoi SytUm», Inc.

LOG OF BORING NUMBER MW-U
1 ' f Bl jiff LOCATION DIAGRAM:nuIfHM

^CLIENT: SOUTHERN PACIRC LINES
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44101724
PROJECT LOCATION: 3502 ROGERDALE RD.

HOUSTON, TX
BORING LOCATION:

START DATE: 1/31/94 FINISH DATE: 2/4/94
START TIME: 1530 FINISH TIME: 1030

SAMPLERTYPE

) ———

; —

SAMPLE NO.& DEPTH OVAREADING SPTRECOVER? DEPTHIN FEET

45u-

50

55

60

SOfLGRAPH

SM

CH

DRILLING MEFHOD:
HOLLOW STEM AUGERS

i

SAMPLING METHOD: ON
2- FOOT SHELBY TUBES AND T±
5-FOOT SPLIT BARRELS ^
SURFACE ELEVATION: O
WATER LEVEL;
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
LIGHT GRAY TO BUFF SILTY VERY FINE-GRAINED SAND (SM) W/OCCASIONA
Fe STAINING AND HARD CALCAREOUS ZONES

GRADING TO RED AND LIGHT GRAY; INCREASE SILT CONTENT

SLIGHTLY CLAYEY AT 44.5 FEET
RED VERY STIFF CLAY (CH) CALCAREOUS
BOT-QM OF BORING AT 45 FEET

•

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: DATE:
DRILLING CONTRACTOR: FUGRO GEOSCIENCES. INC.



N O U 1 1 ' 9 4 8 : F R O M IC -SPEUS HOUSTON P A G E . 0 0 2

3 K
OF

PROJECT NAME
FIELD ENG..
COORDINATES

us? Cry$£al
'ftirn DER
rq 7Q2: ,299 ,4 1N^ non ^ftA_ hz

PROJECT NLJMflPR SW83-1082
APDRny PT PV 79 .9 1 Feet
nmi t IMS Mrmnns $++

iW. RP.TRATk.fi

Pflflfi 1 0' 1 UBTMRINS MQ MW-2
DATE. 5-9-83ji-n-ai

CASING IN
SIZE

1(5" f .B .
PVC9 «;"T.D.PYF

im —— rt»£*U:QRM4*M'foepTH
0-20'
U-43 .2 '

. GROUNOWATER
ACTUAL TIME DEPTH LEVEL OA?ACTUAL llMCj DEPTH

z£a
FEET

^« c^^

-10-^

^15—

l5O^

125J

~30"

IjsJ

-40--

' 45'

2>1P

NOTES:

BLO
WS

 O
N

SA
MP

LER
 P

£R
19 

CM
.

11/17721
15/10716

SA
MP

LE
R

RE
CO

VE
RY

14"
14"
18"
18"
17"
18"
18°
18"
18"

17"

11"

6"

"Iff"

2*3*
11to

ST-1
ST-2
ST-3
ST-4
ST-5
ST-6
ST-7
ST-SA
ST-9

ST-10

BT-U

ST-123-1

S-2

ST-13

i
SO

IL 
Pft

OF
JLE

• B

1

d
5
v>o10
3

DESCRIPTION

.HARD GHAY GRAVBLWT 1 .0'KAY (FILL^ f
STIFF GRAY TO DAHK
GRAY SILTY CLAY, SOiEECALCAREOUS NODBLES

12. 0 1

MEDIUM DSN^E BROWN,GRAY AND RED SILTY S^D
J5tP*

VERY STIFF MOTTLED RED
AND GRAY SILTY CLAY,
TRACE OF SAND SEAMS

34,0'
DENSE GRAY AND RED
FINE SILTY SAND

38. S (

HARD SED SILTY CLAY

REMARKS

pp 4*3 PLASTIC
pp » 2,25 LINER ATPP - i.o -6f

pp « 1 .25 BOREHOLE
WAS AD-

PP B X*5 VANCED BY
pp - 2.0 AUGERING TC

34" AND
pp = 1.5 THEN BY

ROTARY
pp - 2,5 DRILLING
** TO BOTTOM

OF BORING
DURING
DRILLING
ON 5-9-83,

pp - 3.5 WATER WAS
** PRESENT IN

BOREHOLE 10
APPROX-

pp- 3.75 IMATELY15'
* AWD WALLS

OF BOREHOLE
WERE UN-
STABLE.

pp •• 4.5
BOTTOM OF BORING AT

45.5 FEET

ooONi—tO
T——IO



N O U 1 L ' 9 4 8 : 0 3 FROM IC -SPEYS HOUSTG'N P f tGE .093

VISUAL CLASSIFICATION OF SOIL!
PROJECT NAW
FIELD EN6./G
COORDINATES

a.IUo

— 5 —

-15-

tf-j

'45 "

P Crystal _, PPOJECT NUMBER SW^3-1082
FO DEE . APPROX. PI. FV 32 .47 Feet

702.lft5.5lN DffH LING METHODS See-I FUJM Tr ££v nV^iwU1!""
CASIN0 WORMA-raN
S*ZE DEPTH """AC TUA

SL
PAGEsemi
DATE

GROUNDWATER Lt*VEL DATa
L TIME DEPTH ACTUAL TIME

10" I .D. 0-20*PVC2 .V ' r.p. . . . .0*47' _ , _ _ . _ .

(CA
SIN

G 
BLO

WS
1 

PER
 3D

 CM

NOTES^

z5^-sga
VI

3C/69

SA
MP

LE
R

RC
CO

VE
RV

13"
.0"
2"

10"
12"
17"
15"
15"
18"
18"

13"

IS"

18"

49

ST-1
ST—Z
vra/u
ST-4
ST-5
ST-6
ST-7
ST-8
ST-3D
ST-3J
ST-15

ST-D

s-s-ia

3T-35

5~^
"I* 1C

-J
11

A, S

ks.
C

S.
 S

YM
BO

L
L. .

 . 
... 

..
.. 

_j

SM

OCSCflfPTlCN

SOFT "BROtih §ILW CLAY,JOME GRAVEL CFILL) 2.0'
MEDIUM STIFF TO STIFF
BLACK, BROWN AND YELLOW
SILTY CLAY, FINB SAND
LENS AT 3 .9 1

10 .0*VERY STIFF, RED TO
GRAY SILTY CLAY, SOME
CALCAFSOUS NODULES,

16. 01

VERY STIFF MOTTLED
GRAY AND YELLOW SANDY
CLAY

34. 01

MEDIUM DENSE TO DENSE
GRAY TO RED FINE SILTY
SAND, 5ILTSTONE SEAM
AT 38r

 44fcS,
HARD RED SILTY CLAY

DEPTH

1 0* 1
SO NQ fltf-3:]^

ON

^
O
T—— 1O

REMARKS

PP " 0.5

PP - 1.5
PP - 1.5
pp - 2.5
pp = 2.5
pp = 2.0
pp » 3.0
pp = 3.5

pp = 3.5

pp • 3.5

pp 4,5

BOTTOM OF BORING AT: 46 .0 *E2T

NO LINER WAS
FOUND IN THE
SAMPLES.
STRONG
ORGANIC
CHEMICAL
ODOR WAS
PRESENT AT
INTERVAL

BOREHOLE WAS
ADVANCED BY
AUGERING TO
34' AND THEN
BY ROTARY
DRILLING TO
BOTTOM OF
BORING

ENCOUNTERED
WATER AT 34'



N O U 1 1 ' 3 4 8 : 3 3 F R O M IC -SPEUS HOUSTON P f lGE .004

VISUAL CLASSIFICATION OF
PROJECT NAMSUP Crvutal

fipn DKR ___
- . q702.OM.69M•i naa floi n/,

. PROJECT WUMSPP SW83-1082
APPROX. PLEV. 80.42 Feet
DRILLING MFTHOn-S $BfS , . . , ,

PADS 1 or 1
BOR1NQ MQ Mtf-6
DATE 5-24-83

oo
o
T-Ho

CASING IN
SIZE

"?.$ T.n.PVT

rQHMATCN
DEPTH

0— 4>i '

GACTUAL TIME

..

ROUNDWATER LEVEL OAT»
ACTUAL TIME DEPTH

XHo.
UJo

FEET
-
•
"~5-*
-

lis-I
.

TO«-̂ >——

.
-

r25^
Ljoj
-35-1
• •'
1̂ 0-1
. .
•45 -

V)
^3Sc

5j

s3

NOTES:

Kf vA£
w£as»ffl5

3/ 13712

<txtUUs* >£°iy<UJ»*

12"
18"
15"
18"
18"

18"

24"

18"

ri>J ||l
ft.ui£

Q.Q
?1

.ST-1
ST-2
ST-3
ST-4
ST-5

ST-6

ST-7

S-l

ST-8

Uld
§
d
«

(̂fta5>
w?otfj
3

DESCRtPTlOM

STIFF GRAY TO DAKK
CRAY SILTY CLAY, TKACE
CALCAREOUS NODULES AND
IRON STAINS AT 4'

18. 0'
VERY STIFF TO HABD
MOTTLED YELLOW AND
GRAY SANDY CLAY, TRACE
OF CALCAREOUS NODULES
18'

36. 0 1

MEDIUM DENSE GRAY SILTY
PTNE SAND 3 7 . 9 1

VERY STIFF RED SILTY
CLAY
BOTTOM OF BORING AT
42. 0 1

REMARKS

pp - 1.0 BOREHOLE WAS
- - - . n ADVANCED BY \pp s - L *U AUCSRING TO
PP - 1-5 361 AND THEN

BY ROTARYpp a i0 DRILLING TO
pp » 1 .75 BOTTOM OF

BORING

pp * 3.5

pp > 5.0

pp a 2*0



N O U 1 1 ' 3 4 8 : 0 4 FROM IC -SPEWS HOUSTON P f lGE .005
<> '£ - l« !0

\ VISUAL CLASSIFICATION OF SOILS
PROJECT NAM

1 —— FIELD ENC./G
[ _ COORDINATE^r:\~r:

1 —

1tu0
FEET

-5-1

uoJ

•45-
«• •

IV --20_
• <•

— •
-25 —

-30-

-35^

_4QJ

• 45-

£ fimfir?]- ppn.ecT NUMfip»sw8i-^g2-2rT ««»i. or i
rn D. E. REECEAPORnx Pi PV .79. 0! aORHW N& J0bfl_

7 0 1 , 9 9 7 , 38N nBH , |Nfl MFTHOO« Auger co 2J ^DATg iO^/flJ—
i-HO<NO

" " CASING INFORMATION GWOJf^ftfifl LfYflil tf*Tft " °31ZE 06PTH ^TUALTIMe1 DCJTH ACTUAL TIME Ml"ffii
_ 6 inch 27 ' t'cmpararv . . . . . . . . . .

7Vf ccraa> ——— 33«^7T ——————— ———————— ————————————————

fe*aia

NOTCS-

BLO
WS

 O
N

SA
MP

LER
 PE

R
IS 

CM
.

9/12
/13

; 
SA

MP
LE

R
RE

CO
VE

RY

IS 1 1

14"
16'*
16"

18"

IS"

gg

ST-1
ST-2
ST-3
ST-4

3T-5

3T-6

S-l

ST-7

SO
IL 

PR
Ot

tLE
!

-

tn
vibcri

DESCRIPTION

STIFF DARK GRAY S1LTY"CLAY, WITH ROOTS 2 .9 *
STIFF TO VERY STIFF LIGH
GRAY AND BROWN SILTY CLA

21. f
VERY STIFF GRAY AND RED
SANDY CLAY WITH CALCAR-
EOUS NODULES

3 3 . '
MEDIUM DENSE RED SILT
WITH FINE GRAY SAND SEAM

3 7 . '
HARD RED CLAY

RfiTTOM OF BORING AT 6 6 . 5

REMAHK3

pp - 1.0
pp » 1.5rpp = 1.5
fpp « 1 .75

pp => 3 .75

SLIGHT SEEPAGE AT 21 '

PP « 3-5

3 ENCOUNTERED WATER AT 33

i
pp > 5-0



PROJECT
FIELD ENG.
COORDINATE

VISUAL QUALIFICATION OF SOILScr Crystal oon.ifff»r wi UUOBTDSW83-1082-2XCrystal
D.g .

PROJECT NUMBER3.̂
APPROX. ELEV.

RftSEj^CaoRiNe N _____t PATH 10/25/83
O
Ot—t
O

SIZE6 Inch 221. .33?.
lenroorarvACTUAL TIME utrrh ACTUAL 71 ME DEPTH

Xh-O.UJa
FEET
•

__5 ̂  ._
-
• H

llO-I

LiJ.•
_20—; ;
-30-

1^35-^

-40-

b 45"

S3jU«oK!
i«%UJgo.

2ui^
Ot-k-J^Si

VI

NOTCS1

a£wws 1*°-oSo
«*UIv>x
18"
18"
18"
18"

18 1 1

16"

16"

18"

*g
3^
9Z* ̂
OT

ST-1
ST-2
ST-2
ST-4

ST-5

ST-€

ST-1;

ST-5

3i&-io«9
1
tf)
ul
O
OT

DESCRIPTION

SOFT TO MEDIUM STIFF3ROWN TO BLACK SILTY:LAY WITH ROOTS 3 . 0 *
STIFF LIGHT BROWN SILTY:LAY WITH CALCAREOUS
MODULES

15. T

VERY STIFF GRAY CLAY WIT
SOME SAND

20. '
VERY STIFF RED AND GRAY
SLAY

33. 1
RED SILT 34 4 T

HARD MOTTLED RED AND GRA
SAHDY CLAY WITH SAND
POCKETS
BECOMING SILTY WITH DEPT

REMARKS

PP < 0,5
pp - 1*0
pp » 1.0
pp - 1.3

^
pp = 3 .25

pp » 4.0

WATER AT 33 1

f
pp » 4.5

I

WTTOH or BOKIKU AT 46:3"pi> « 4.5
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APPENDIX B
Well Completion Diagrams



JOB NAME CRYSTAL CHEMICAL GROUND WATER REMEDIAL DESIGN WELL NUMBER. MW-30
JOB NUMBER 44T ° 1 724 INSTALLATION DATE 12/20/93 LOCATION
DATUM FOR WATER LEVEL MEASUREMENT
DATUM ELEVATION 79.91__________
SCREEN DIAMETER AND MATERIAL
RISER DIAMETER AND MATERIAL _
GRANULAR BACKFILL MATERIAL, _

2-INCH PVC
2-INCH PVC
20 X 40 SIUCA SAND

DRILLING TECHNIQUE 4- 1/4-INCH HOLLOW STEM AUGERS

GROUND SURFACE ELEVATION
_______ SLOT SIZE °-01

O<NOi—<O

BOREHOLE DIAMETER _LZ/2JL
_______ REPRESENTATIVE ROBERT COFFMAN
DRILLING CONTRACTOR _Ji!252 ________

o(T

. IN. STICKUP

RISER

LENGTH OF SOLIDSECTION 37.5 FT.
LENGTH OF SLOTTEDSECTION 20 FT.

DEPTH TO TOP OFBENTONITE SEAL 32 FT. _;
DEPTH TO TOP OF LOV/ER
GRANULAR MATERIAL 35.5 FT.

STABILIZED WATER
LEVEL__FEET
BELOW GROUND
SURFACE
MEASURED ON __

TOTAL DEPTH OF WELL 69 FT.
GROUT
BENTONITE

GRANULAR BACKFILL

__!N. DIAMETER STEEL WELL HOUSINGWITH LOCKING COVER
-WELL CAP
-SURFACE CONE

________GROUND SURFACE

lN. DIAMETER BORING

•CEMENT/BENTONtTE SANITARY SEAL

• _2_ IN. DIAMETER SCHEDULE 40
PVC WELL CASING

-_LFT. BENTONITE PELLET SEAL

SAND FILTER PACK(SIZE 20X40 )

•JLiN. DIAMETER SCHEDULE 40
PVC WELL SCREEN (0.01 " SLOT SIZE)

BOTTOM CAP

LENGTH OF BACKFILLEDBORING 1 1 -5 FT.

BACKFILLED W.TM 20 X 40 SILICA SAND

Industrial Compliance
A Stsbttdoy a* SP Enrinxinwitat SyrUnn. me. ___



JOB NAME CRYSTAL CHEMICAL GROUND WATER REMEDIAL DESIGN WELL NUMBER. MW-34 1G)
JOB NUMBER 4410 1724 INSTALLATION DATE -3/15/94. LOCATION
DATUM FOR WATER LEVEL MEASUREMENT
DATUM ELEVATION 80-33__________
SCREEN DIAMETER AND MATERIAL
RISER DIAMETER AND MATERIAL _
GRANULAR BACKFILL MATERIAL _

2-INCH PVC
2-INCH PVC

GROUND SURFACE ELEVATION
_______ SLOT SIZE °'01

______ BOREHOLE

77-22

6 7/8 IN-
20 X 40 SILICA SAND

DRILLING TECHNIQUE 4 1/4-INCH HOLLOW STEM AUGERS DRILLING CONTRACTOR

1 .36 FT. S11CKUP

RISER

LENGTH OF SOLIDSECTION 30.0 FT.
LENGTH OF SLOTTEDSECTION 20-Q FT.

DEPTH TO TOP OF8ENTONITE SEAL 24.0 FT. __
DEPTH TO TOP OF LOWER
GRANULAR MATERIAL 27.9 FT.

STABILIZED WATER
LEVEL__FEET
BELOW GROUND
SURFACE
MEASURED ON __

GROUT
TOTAL DEPTH OF WELL 53.01_1

BENTONITE

GRANULAR BACKFILL

• _IN. DIAMETER STEEL WELL HOUSING
WITH LOCKING COVER

WELL CAP
SURFACE CONE

________GROUND SURFACE

o<NO

lN. DIAMETER BORING

•CEMENT/BENTONITE SANITARY SEAL

• 2jN. DIAMETER SCHEDULE 40
PVC WELL CASING

-J-FT. BENTONtTE PELLET SEAL

SAND FILTER PACK(SIZE 20X40 )

•A IN. DIAMETER SCHEDULE 40PVC WELL SCREEN ( 0.01" SLOT SIZE)

BOTTOM CAP

LENGTH OF BACKFILLEDBORING 3.0 FT.

BACKFILLED WITH 20 X 40 SlUCA SAND

Industrial Compliance
A SubiMfary of SP Environmental System. Inc.



JOB NAME CRYSTAL CHEMICAL GROUND WATER REMEDIAL DESIGN
JOB NUMBER 44101724 INSTALLATION DATE
DATUM FOR WATER LEVEL MEASUREMENT
DATUM ELEVATION 78.68__________
SCREEN DIAMETER AND MATERIAL
RISER DIAMETER AND MATERIAL _
GRANULAR BACKFILL MATERIAL _

2-INCH PVC
2-INCH PVC
20 X 40 SILICA SAND

DRILLING TECHNIQUE * 1/4-tNCH HOLLOW STEM AUGERS

WELL NUMHFR MW-
LOCATION

GROUND SURFACE ELEVATION 76-44"
SLOT SIZE 0.01
BOREHOLE DIAMETER 6 7/8 IN'
REPRESENTATIVE ROBERT COFFMAN

DRILLING CONTRACTOR

2.24 FT. STICKUP

RISER

LENGTH OF SOLIDSECTION 34.0 FT.
LENGTH OF SLOTTEDSECTION 20.0 FT.

DEPTH TO TOP OFBENTONITE SEAL 28.0 FT.
DEPTH TO TOP OF LOWER
GRANULAR MATERIAL 31 .0 FT.

STABILIZED WATER
LEVEL__FEET
BELOW GROUND
SURFACE
MEASURED ON __

GROUT
TOTAL DEPTH OF WELL 57.5'

BENTON1TE

GRANULAR BACKFILL

• __IN. DIAMETER STEEL WELL HOU3NG
WITH LOCKING COVER

WELL CAP
SURFACE CONE

________GROUND SURFACE

o
o1—*o

. [N. DIAMETER BORING

•CEMENT/BENTONITE SANITARY SEAL

• 2_iN. DIAMETER SCHEDULE 40
PVC WELL CASING

_LFT. BENTONITE PELLET SEAL

SAND FILTER PACK(SIZE 20X40 )

-_LlN. DIAMETER SCHEDULE 40
PVC WELL SCREEN (0.01" SLOT SIZE)

BOTTOM CAP

LENGTH OF BACKFILLEDBORING 3.5 FT.

BACKFILLED WITH 20 X 40 SILICA SAND

Industrial Compliance
A Sutaiiftary of SP Emriranntntal Syitirm. he.



JOB NAME CRYSTAL CHEMICAL GROUND WATER REMEDIAL DESIGN
JOB NUMBER 44> 101724 INSTALLATION DATE
DATUM FOR WATER LEVEL MEASUREMENT
DATUM ELEVATION 82.24-__________
SCREEN DIAMETER AND MATERIAL
RISER DIAMETER AND MATERIAL -
GRANULAR BACKFILL MATERIAL _

2-INCH PVC
2-INCH PVC
20 X 40 SILICA SAND

DRILUNG TECHNIQUE 4 1/4-iNCH HOLLOW STEM AUGERS

WELL NUMBER. MW-1A
LOCATION

GROUND SURFACE ELEVATION
_______ SLOT SIZE °-Q1

BOREHOLE DtAMFTFR 6 7/8 IN-
REPRESENTATIVE ROBERT COFFMAN

DRILLING CONTRACTOR

2•*
r-
3

. IN. ST1CKUP

RISER

LENGTH OF SOLIDSECTION 35 FT.
LENGTH OF SLOTTED10 FT.

DEPTH TO TOP OFBENTONITE SEAL 30 FT. _.__
DEPTH TO TOP OF LOWER
GRANULAR MATERIAL 33 FT.

STABILIZED WATER
LEVEL__FEETBELOW GROUND
SURFACE

ON

TOTAL DEPTH OF WELL 45 FT.

_IN. DIAMETER STEEL WELL HOUSINGWITH LOCKING COVER
WELL CAP
SURFACE CONE

_______GROUND SURFACE

o<NO

_!N. DIAMETER BORING

•CEMENT/BENTONITE SANITARY SEAL

•2_iN. DIAMETER SCHEDULE 40
PVC WELL CASING
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APPENDIX C
Water Level Changes in Flood Control Channel During

Second Half of Constant Rate Aquifer Test
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APPENDIX B
Analysis of Aquifer Tests Related to Technical Evaluation of Arsenic Extraction
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1.0 INTRODUCTION Oi—iO

In a Work Plan dated September 7, 1994 that was prepared for the U.S. Environmental
Protection Agency, Region 6, Industrial Compliance, Inc. (1C) proposed a field hydraulic testing
program to determine the technical practicability and implementability of a pump and treat
system to extract ground water from the overbank deposits beneath the Crystal Chemical Site.
Initial interpretations of the site geology had suggested that the hydraulic conductivity of the
sediments in the overbank deposits might be two to three orders of magnitude lower than that
of the nearby channel sands, thereby casting doubt on the implementability of the pump and treat
alternative that had been selected in the September 1990 Record of Decision (ROD). The
hydraulic testing program proposed by 1C consisted of monitoring water levels during a constant
rate aquifer test to be conducted for no less than 24 hours and subsequent monitoring of
recovery. Hydrologic Consultants, Inc. (HCI) was contracted to assist 1C in the performance
of the hydraulic testing program. HCI's involvement in the program included:

Oversight hi the setup and performance of a variable rate discharge test (step-
drawdown test) to assess pumping well efficiency and determine a suitable
discharge rate for the constant rate discharge test;
Oversight hi the setup and performance of a constant rate discharge test to be
conducted for a duration of at least 24 hours;
Initiation of the: recovery test following the constant rate discharge test; and
Assessment and interpretation of the data associated with each phase of the testing
program.

The methodology used to perform the aquifer test and interpret the results are described in the
following section.
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2.0 METHODS OF ANALYSIS OF AQUIFER TEST DATA

The following is a brief description of the methods of analysis used by HCI to interpret
the pumping tests conducted in the 35-foot Zone. The 35-foot Zone has been characterized as
a reddish-gray, very fine-grained sand that varies in thickness from 0 to 17 feet. The 35-foot
Zone generally thins from northwest to southeast, the thickest part being north and east of
MW-20, shown in Figure 1. The 35-foot Zone is overlain by a 10- to 20-feet thick calcareous
clay and is underlain by 50 feet of clay. The calcareous clay is overlain by a thin shallow sand
aquifer known as the 15-foot Zone in the northern portion of the site. The 15-foot Zone is not
present in the vicinity of the pumping well. A schematic cross section of the geology in the
vicinity of the pumping well is presented in Figure 2.

This hydrogeologic framework indicates that the 35-foot Zone comprises a relatively
idealized aquifer on a local scale, and the pumping test data should be amenable to analysis by
standard well hydraulics formulae.

2.1 THEIS METHOD

(N<>*<NO

The relationship between the discharge rate of a pumping well and the drawdown in the
aquifer that is pumped is expressed by the well-known Theis equation:

, --2. (1)

where

u = 4Tt (2)
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and
s — drawdown at observation well [L];

Q = discharge rate of pumping well [L3/T];
r = radial distance of observation well from pumping well [L];
S = aquifer storativity [dimensionless];
T = aquifer transmissivity [L2/T];
t = time of observation [time since pumping began]; and

W(u) = the so-called "well function" of u.

where L and T are dimensiortally consistent units of length and time. Ultimately in this report,
however, all transmissivity and hydraulic conductivity values will be converted to units of
cnrVsec and cm/sec, respectively, to maintain consistency with the units generally used hi other
reports associated with this project.

Equation 1 describes non-steady flow hi an aquifer subject to the following constraints:

• the aquifer is homogeneous, isotropic, and infinite in area! extent;
• the aquifer is horizontal and of constant thickness;
• the aquifer is fully confined with constant hydraulic parameters T and S;
• water is released instantaneously from storage hi the aquifer with a decline in

head;
• the pumping well is of infinitesimal diameter and fully penetrates the aquifer;
• the well is pumped at a constant rate; and
• ground-water flow in the aquifer is laminar and obeys Darcy's law.

While these assumptions may appear restrictive, the actual conditions occurring during pumping
tests in real aquifer materials often approach the required conditions sufficiently well that
reasonable estimates can be made of the aquifer parameters using Equations 1 and 2.

m<N
o
T-*O
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In the so-called "Theis method" of analysis of pumping test data, the values of
drawdown, s, measured in a given observation well or piezometer through time are plotted
against the times of observation, t, on logarithmic paper. The shape of the data plot will then
be similar to a plot of W(u) vs. 1/u (the so-called "Theis type curve"), except that the two curves
will be displaced on the plot by constant values that can be used to calculate the hydraulic
parameters T and S of the aquifer tested (Lohman, 1979; Kruseman and de Ridder, 1990).

o
1-HO

2.2 COOPER-JACOB METHOD

An alternative method of aquifer test analysis was proposed by Cooper and Jacob who
noted that Equation 1 could be approximated with sufficient accuracy by:

2.30 Qs = logr +• log 2.25 T
r*S

(3)

providing that the assumptions inherent in the Theis solution (described above) are met and
under the additional constraint that

u * 0.05 . (4)

Equation 4 implies that the so-called Cooper-Jacob approximation to the Theis solution is valid
only after pumping has continued for relatively long periods of time ("relatively long" being
determined by the radial distance between the observation well and pumping well).

Equation 3 describes a straight-line relationship between drawdown, s, and log time
(Lohman, 1979; Kruseman and de Ridder, 1990). If the solution conditions are satisfied, values
of drawdown plotted vs. the time of measurement on semi-log paper will define a nearly straight
line. The slope of the line, As, can be used to calculate the aquifer transmissivity from:
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(5)

where As is the change in drawdown per Log cycle of time. Again, all transmissivity values for
this report are expressed in citf/sec to maintain continuity with other reports compiled for this
study site.

If the straight-line part of the curve for an observation well is extrapolated back to the
line of zero drawdown, then the time intercept can be used to estimate aquifer storativity from:

S - 2.25 Ttn (6)

where t0 is the time intercept at the point of zero drawdown on a log-linear drawdown plot of
observation well data.

Cooper-Jacob plots can be particularly useful in assessing the departure of pumping test
conditions from the ideal conditions required by the Theis solution. Plots of drawdown vs. log
time usually clearly depict the presence of aquifer boundaries. Careful examination of plots of
drawdown vs. log time can reveal specific patterns of drawdown that can be used to assess
whether the conditions required by the method of solution have been met.

2.3 THEIS RECOVERY METHOD

IOCN^
C*̂o
r—I
O

When the pump in a well is shut down at the conclusion of a pumping test, water levels
in the pumping well and observation wells will begin to rise. The aquifer thus continues to
respond to the effects of pumping, and the rise or "recovery" of water levels can be further used
to assess the hydraulic properties of the aquifer materials (Kruseman and de Ridder, 1990). The
rise in water levels is known as residual drawdown, s'> and is expressed as the difference
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between the original water level prior to the commencement of pumping and the water level
measured at a time t' after the cessation of pumping.

The "Theis recovery" method utilizes the relationship:
/ 2.30 O 1 s**^f\ /T\s' = ———— x log {tit1) (7)

where
s' = residual drawdown [L] at observation well; and
t' = tune of observation [time since pumping stopped],

and is subject to the assumptions inherent in the Theis solution (described above).

If the solution conditions are satisfied, values of residual drawdown plotted vs. the ratio
of tft' on semi-log paper will define a nearly straight line. The slope of the line, As', can be
used to calculate the aquifer transmissivity from:

T = 2 '3g . (8)
47U

(NO

where As' is the change in residual drawdown per log cycle of t/t* (dimensionless). Unlike the
Cooper-Jacob approximation for pumping data, the Theis recovery method cannot be used to
estimate aquifer storativity.
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The goal of the hydraulic testing program was three-fold and included the following
objectives:

• Determine the cone of influence of the pumping stress on the 35-foot Zone;
• Determine what interactions, if any, occur between the 35-foot Zone and the

15-foot Zone located above it; and
• Determine the general aquifer characteristics of the 35-foot Zone.

The test methodology described below was designed to specifically meet these objectives.

3.1 GEOLOGIC DATA ACQUIRED DURING INSTALLATION OF WELL PW3 AND
PIEZOMETERS PI -4ND P2

Boring logs completed for borings PW3, PI, and P2, presented in Appendix A, indicate
that the 35-foot Zone is a six to seven-foot thick fine grained sand containing variable
percentages of silt. Based on a visual inspection of sediment cores from PI and P2 from the 35-
foot Zone, HCI observed very little silt in some sections of this sand unit, at least in the vicinity
of PW3. This sand is relatively uniform in thickness and fairly homogeneous in the vicinity of
these three wells. Each of the three logs indicate that a one to two-foot thick silt unit
immediately overlies the 35-foot Zone. This silt unit appears to be of consistent thickness,
however its lateral extent is unknown.

3.2 CONSTRUCTION OF PUMPING WELL PW3 AND PIEZOMETERS PI AND P2

During-the period between September 7, 1994 and September 27,1994, a nominal 4-inch
diameter pumping well (PW3), constructed of 10-slot PVC, was installed in the 35-foot Zone
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at the location shown in Figure 1. The well was screened from approximately 31 to 38.5 feet
below ground surface and a two foot sump was installed below the bottom of the screen. Two
nominal 2-inch diameter piezometers (PI and P2) were also installed within the 35-foot Zone
at distances of 7.5 and 15 feet from the pumping well (Figures 1 and 2) to measure the
drawdown and recovery associated with the hydraulic stress applied at the pumping well. PI
and P2 were screened from approximately 32 to 38.5 and 31 .5 to 39 feet below ground surface,
respectively. Although HCI had not received surveyed elevations of the wells at the time of this
report, it appeared that, based on the boring logs, all three of these wells are screened across
the same elevation interval within a fairly continuous, homogeneous portion of the 35-foot Zone.

ooCNj
Oô1—Io

3.3 MONITORING NE1WORK

The pumping well (PW3), piezometers PI and P2, and five additional monitoring wells,
reported to be screened within the 35-foot Zone, were selected as monitoring locations for the
test, as shown in Figure 1 . These wells and their approximate radial distances from the pumping
well are:

Well

PI
P2
MW-2
MW-3
MW-20
MW-1A
MW-22

Radial
Distance

FromPWa,
* : ; • : < ; '(feet):i:v; : : . : • ; : '

7.5
15.5
124
142
290
268
330
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Each of the wells was fitted with an In-Situ transducer to measure water levels at that
location. Transducers provide automatic measurement of drawdown in the well at a selected
interval of tune. In this case, a 16 channel In-Situ T200Q Data Logger was programmed to take
and record drawdown measurements at the intervals indicated in Table 1. Water level
measurements were also recorded periodically by hand using electronic down-hole water level
indicators in the event the transducers failed.

In addition to those wells monitored within the 35-foot Zone, well MW-15 was monitored
manually. MW-15 is screened within the 15-foot Zone, located above and separated from the
35-foot Zone by a clay unit. This well was monitored to record any evidence of hydraulic
connection between the 15-foot and 35-foot Zones.

Prior to conducting the constant rate discharge test, a step-drawdown test, described
below, was conducted to aid in determining the optimal long-term discharge rate for the pumping
well.

3.4 STEP-DRAWDOWN TEST OF WELL PW3

o
T——IO

On September 27, 1994, well PW3 was fitted with a Grundfos Redi-Flo2 submersible
pump with a nominal 0.5-incli diameter flexible discharge line. Although the Redi-Flo2 pump
is capable of producing up to 10 gpm under minimal-lift conditions, with a reduced discharge
line, 1C and HCI intended to minimized the flow rate to less than 2 gpm. In this case, the lift
required to get the water to the surface was 18.5 feet, and an additional 15 feet of lift was
required to get the water to the inlet of the discharge tank. The pump was set two feet from the
bottom of the well with its intake at a depth of approximately 40 ft, providing about 22 ft of
available drawdown. Prior to pump installation, an In-Situ pressure transducer was lowered into
the two-foot sump (below the pump) and secured to the side of the well riser with duct tape.
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The step-drawdown test was initiated at a flow of about 0.15 gpm for a period of
approximately 30 minutes, while drawdown was being recorded in the pumping well. The
discharge was then increased to about 0.6 gpm, however, the increase in drawdown was too
rapid and an adjustment in the flow was made to reduce the flow to 0.44 gpm. The well was
again pumped for approximately 30 minutes after the flow adjustment. A progression of the
time-drawdown relationship during the step test is presented in Figure 3. A third step was then
begun, and another adjustment was required to prevent excessive drawdown, as indicated in
Figure 3 at about 80 minutes. The fourth and final step ended in cavitation of the pump at a
flow rate of 1.22 gpm.

The results of the step-drawdown test were analyzed using the computer code FASTEP
(Labadie and Helweg, 1975). The method of analysis iteratively calculates the "laminar" and
"turbulent" coefficients in the well-loss equation using non-linear regression techniques, and
HCFs version of the code further provides estimates of the theoretical efficiency for the pumping
well and the drawdown expected for several, user-specified, pumping rates. Computer-generated
output from the analysis is provided in Appendix B.

Analysis of the step-drawdown test suggested that the efficiency of well PW3 was
moderate, between 85 and 47 percent over the range of pumping rates that appear feasible for
this well.

3.5 CONSTANT RATE PUMPING TEST OF WELL PW3

Om
O
T——(O

Based on the observations made during the step test, a target pumping rate of 0.65 gpm
was selected as a discharge Kite for the constant rate aquifer test. This determination was not
based on well efficiency but rather on qualitative grounds. It appeared that a discharge rate
between 0.44 and 0.9 gpm (Figure 3) would induce a drawdown of about 15 feet over time,
while conserving another 50 percent of available drawdown in the event a hydraulic boundary
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was encountered which might cause excessive drawdown not accounted for in the relatively short
term step-drawdown test.

rn
o
T—Ho

The constant-rate aquifer test of well PW3 began at approximately 9:30 am on September
28, 1994. Drawdown in the pumping well was very sensitive to very small (.05 gpm) changes
in discharge rate. Although small in magnitude, 0.05 gpm was a significant percentage of the
desired flow and was within the controllable limits of the pump, given the small discharge line.
This sensitivity was compounded by the fact that the frequency knob on the control box that
operated the pump was very sensitive to slight adjustments. Furthermore, the pump was
sensitive to changes in required lift caused by increasing drawdown in the well. Consequently,
the flow was closely monitored in an attempt to ensure that a constant rate of discharge was
maintained throughout the test.

Initially, the flow rate fluctuated between 0.63 and 0.7 gpm. As drawdown in the well
slowly increased, the flow rate generated by the same pump frequency slowly decreased to 0.63
gpm. After about three hours, the time rate of drawdown stabilized and an average flow of
about 0.63 was maintained for the duration of the test, with two exceptions:

1) Approximately 39 hours into the test, the discharge line leading to the discharge
tank fell into the tank, thus decreasing the required pump lift. As a result, the
pump quickly drew the water level down in the well by an additional three feet.
Upon replacement of the discharge line to its original elevation, the well
recovered to its previous level.

2) Approximately 63 hours into the test, the generator providing power to the pump
controller ran cut of oil. Within 45 to 75 seconds, another generator was on-line,
drawdown in the well resumed, and water in the well returned to its previous
level.

The variation of flow with time during the test is presented graphically in Figure 4.
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Summaries of the data collected during the pumping and recovery periods and a
discussion of HCI's interpretation of these data are given in the following sections. Water
chemistry parameters were recorded every 12-hours during sampling events, and are presented
in Appendix C.

en
o
o

3.5.1 Zone of Influence

At the end of the 72-hour aquifer test, drawdown in the pumping and monitoring wells
was:

Well

PW3
PI
P2
MW-2
MW-3
MW-20
MW-22
MW-1A

Distance from
Pumping Well

(PW3) (ft)
0

7.5
15.0
124
142
290
268
330

Direction

NA
North
North
Northeast
West
North
South
South

Drawdown (ft)

16.35
1.20
1.00
0.36
0.17
0.08
0.13
0.0

The drawdown did not propagate as far as MW-1A, located approximately 330 ft south
of the pumping well. However, drawdown was observed in wells MW-22, MW-3, and MW-20,
as indicated on the drawdown vs. log time plot presented in Figure 5. The drawdown values
at the end of the test are posted, next to their associated locations on Figure 1. In general terms,
the zone of influence extended over 270 feet to the south., greater than 150 feet to the east and
west, and more than 300 feet 1:0 the north.

12
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3.5.2 Interaction with 15-foot Zone

Inspection of the water level data from MW-15 in Table 2 indicates that there was no
measurable response in this well during the constant rate aquifer test. However, it is unlikely
that a stress of such small magnitude within the 35-foot Zone could propagate across the
calcareous clay unit within a 72-hour period. The time-drawdown curves presented in Figure
6 (PI), Figure 7 (P2), and Figure 8 (MW-2), suggest that the calcareous clay overlying the 35-
foot Zone may be providing leakage to the 35-foot sand during the constant rate aquifer test
(demonstrated by the flattening of the curve beginning at about 100 minutes and lasting until
about 400 minutes). If the observed flattening of the time-drawdown curves is attributable to
the storage rendered from the calcareous clay above the 35-foot Zone, then it is likely that the
15-foot Zone would eventually respond to pumping in die 35-foot Zone.

3.5.3 Hydraulic Analyses

Three analyses were completed to determine aquifer properties, two from the constant
rate discharge test, and one from recovery of the constant rate aquifer test.

mm<No

3.5.3.1 Cooper-Jacob Analysis

The first method of analysis involved the Cooper-Jacob straight line method, as described
in Section 2.2, to assess the results of the constant rate discharge test. Drawdown vs. log time
plots for the six monitoring wells where drawdown was observed are presented in Figure 5.
Before analyzing the Cooper-Jacob plots, it is useful to inspect the log time-log drawdown plot
from the pumping well, presented in Figure 9, to determine when the pumping well actually
began to stress the aquifer. This is important because during the first few minutes of pumping,
the majority of the nominal discharge is coming from wellbore storage rather than the aquifer.
Until the wellbore storage is depleted, the aquifer is not experiencing the full stress of the

13
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discharge rate being applied by the pump. Since the equations used to calculate transmissivity
are dependant upon the flow rate, use of nearby data during this period will tend to over-
estimate the transmissivity. For example, log drawdown vs log time data plot as a straight line
(Figure 9) for the first four to five minutes of the aquifer test. This linear trend indicates that
wellbore storage is not removed until the end of the first four to five minutes and that the aquifer
does not start to feel the full slxess of the nominal discharge until about six minutes into the test.

<NO

As a result of these observations, the drawdown data prior to six minutes in piezometers
PI, P2, and MWr2 have been ignored. The data used for the straight line fit on these curves
is the early-time data beginning after weilbore storage effects are gone and before the recharge
boundary (most likely leakance) is observed at about 100 minutes. The portions of the curves
used to compute aquifer properties are annotated in Figure 5. The drawdown-log time plots
from PI, P2, and MW-2 flatten between approximately 100 and 400 minutes, suggesting a
recharge boundary was encountered. HCI is of the opinion that this recharge is most likely
leakance from the clayey and silty materials that both underlie and overlie the 35-foot Zone.
Alternatively, the recharge could also be derived from a breach of the confining layer at a
distance or from a zone of large storage within the 35-foot Zone. If a breach exists, it is not
evident in the vicinity of MW-3, as monitoring of MW-15 indicated no significant
communication between the 15-foot Zone and the 35-foot Zone.

Transmissivity and storativity derived by Jacob-Cooper straight line method, calculated
at PI, P2, and MW-2, are presented in Table 3. Transmissivities ranged from 0.23 to 1.51
cm2/sec, and storativities ranged from 0.0001 to 0.0039. The time-drawdown data from MW-3,
MW-20, and MW-22 appeal' to have been tidally influenced and were not suitable for this
method of analysis. Time-drawdown data from PW3 were highly influenced by wellbore storage
and were also deemed inappropriate for analysis by the Jacob-Cooper Method.
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3.5.3.2 Theis Analysis

The second method applied to evaluation of the aquifer test results was the standard Theis
Method utilizing curve fitting, as described hi Section 2. 1 . Log drawdown vs. log time plots
for the pumping well and each of the monitoring points where drawdown was observed are
presented in Figures 6 through 12.

As discussed previously, the time-drawdown data from the pumping well shown in Figure
9 plots as a straight line on the log-log scale, indicating a linear drawdown with time. This
behavior is contrary to the predictable log-linear behavior usually exhibited by porous media
under stress, and is explained by the depletion of wellbore storage in PW3. As a result, the
early portion of time-drawdovra data is unreliable and was not considered in these calculations.
Furthermore, because nonlinear head losses are great in. the pumping well, PW3 was not used
to analyze aquifer transmissivity during this phase of the test. In addition, the data from MW-3
and MW-20 were not suitable: for this method of analysis.

Time-drawdown data from PI, P2, MW-2, and MW-22 provided data amenable to Theis
curve fitting. The results of those analyses rendered transmissivity values ranging from 0.17
to 1.41 cmVsec and storativities ranging from 0.005 to 0.0003. These results are also
summarized hi Table 3.

3.5.3.3 Theis Recovery Analysis

Finally, the recovery phase of the constant rate aquifer test was analyzed using the Theis
Recovery Method as described hi Section 2.3. Plots of residual drawdown, s', vs. tit' are
presented hi Figures 13 through 19.

ro
o
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Monitoring of the recovery phase was terminated two hours after start of recovery when
the pumping well had recovered to within 90 percent of its initial water level, the specified
criterion for terminating the test. Unfortunately, the most important part of a recovery curve
is the straight line portion duriing the last phase of recovery, when the plot of residual drawdown
vs. log t/t' approaches the origin. Due to the significance of the final portion of the recovery,
the plots of residual drawdown from PI, P2, and MW-2 were extrapolated through the origin
from the point at which monitoring ceased. In each case, the last few recorded data points were
trending toward the origin and were simply extended to their ultimate endpoint. It was the slope
of this portion of the line that was used to calculate transmissivity.

Transmissivity analyses were performed for time-residual drawdown data recorded at PI,
P2, and MW-2, and the results are summarized in Table 3. Transmissivities calculated from
this phase of the test ranged from 0.95 to 1.42 cmVsec. The data from, the remaining
monitoring wells were not usable due to the limited recovery period and lack of recovery trend
at the time recovery monitoring was terminated.

o
l-HO
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4.0 CONCLUSIONS

The results of the aquifer test of the 35-foot Zone are summarized in Table 3. The
geometric mean value of transmissivity of die 35-foot Zone is calculated to be 0.79 cm2/sec.
It should be noted that the recovery data and associated analysis, the most reliable of the three
methods, suggest that the transmissivity may be slightly higher (0.95 to 1.42 cmVsec), but such
slight differences in values of transmissivity are insignificant. Given an average aquifer
thickness of approximately 6 feet, the average site hydraulic conductivity was estimated to be
4.3 x 10"3 cm/sec. This is a very reasonable value for fine grained sands (Freeze and Cherry,
1979).
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TABLE 1 QO

Frequency of Water-Level Measurements During Aquifer Tests o1—*o
Time Since Pumping/Recovery Began

0 - 10 min
10 - 100 min

100 - 1000 min
1000 - end of test

Frequency of Water-Level Measurements
logarithmic

every 2 minutes
every 20 minutes
every 60 minutes



TAB. 2
Manually Recorded Water Level Measurements Taken During Constant Rate Aquifer Test

Date

9/28/94

9/29/94

9/30/94

10/1/94

Time

0930
1215
1515
1815
2118
0115
0515
0915
1400
1830
2230
0430
0830
1314
1749
2325
0630

Depth to Water (ft)
15-Foot
Zone

MW-15
16.75
16.71
16.67
16.69
16.74
16.73
16.75
16.77
16.72
16.74
16.77
16.73
16.72
16.72
16.74
16.76
16.76

35-Foot Zone

JPW3
18.48
18.48
18.48
18.48
18.48
18.48
18.48
18.48
18.48

PI
18.13
19.06
19.09
19.14
19.22
19.24
19.29
19.34
19.30
19.36
19.37
19.36
19.37
19.38
19.35
19.39
19.36

P2
18.10
18.82
18.84
18.89
18.97
19.04
19.04
19.04
19.05
19.09
19.12
19. 1 1
19. 12
19.14
19.1 1
19.15
19.12

MW-2
17.00
17. 16
17. 18
17,20
17.27
17.29
17.32
17.35
17.33
17.35
17.38
17.37
17.40
17.41
17.39
17.42
17.42

MW-20
15.32
15.33
15.32

Locked

15.39
15.32

Locked

15.42
15.42

MW-3
20.79
20.85
20.83
20.85
20.92
20.92
20.94
20.95
20.91
20.96
20.99
20.99
20.99
21.01
21.00
21.04
21.02

MW-1A
22.29
22.28
22.26
22.28
22.28
22.29
22.29
22.31
22.31
22.31
22.34
22.33
22.34
22.35
22.34
22.36
22.35

MW-22
21.02
21 .05
21.03
21.04
21 . 10
21 . 1 1
2 1 . 12
21 . 14
21 . 13
21 . 15
21 . 18
2 1 . 16
21 . 17
21 . 19
21 . 18
21 .20
21.20

010259



TABLE 3
Hydraulic Parameters Estimated from Analysis of Aquifer Tests

ovo<NO

Transmissivity (cmVsec)

PI
P2
MW-2
MW-22
MW-20
MW-3
MW-1A

Thete
Curved

Matching
0.17
0.28
0,99
1 .41
(1)
(1)
(3)

Cooper-Jacob
Straight Line

Method
0.23
0.34
1.51
(2)
(2)
(2)
(3)

Theis
Recovery :

0.95
0.95
1.42
*
*
*
*

Arithmetic
Average

0.45
0.52
1 . 15
1.41
NA
NA
NA

Storativity
(dimensionless}

Theis
Method

0.005
0.001
0.0003
0.0014
(1)
(1)
(1)

Cooper
• . . . . . , Jacob v:,.J.

Method ; :
0.0039
0.0001
0.0001
(2)
(2)
(2)
(3)

Average Transmissivity = 0.79 Average Storativity = 0.0017

NA*
1
2
3

Not applicable.
Calculation invalid due to violation of assumptions. Recovery test was not allowed to proceed long enough.
Aquifer parameters not calculated due to poor Theis curve fit.
Aquifer parameters not calculated due to difficulty in reasonably fitting a straight line to the data.
There was no impact obseirved hi MW-1A.
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APPENDIX A
Boring Logs For PWi (PW), Pi, and P2
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APPENDIX E
Analysis of Step-Drawdown Test o£ Well PW3

Using 'FASTEP'



ANALYSIS OF STEP-DRAWDOWN TEST USING 'FASTEP' O-^O(NO
Crystal Chemical Aquifer TestStep-Drawdown Analysis of SPTCo PW-3
September 1994

INPUT PARAMETERS;
STEP

1
2
3
4

Q(gpm)

0 . 2
0 .4
0 . 9
1 .2

s
(ft)

1 . 40
5 . 0 0

15 .00
2 2 . 5 0

RESULTS:
s = BQ
B
C

0,-875E-i-01
0.811E+01

Components of. Drawdown and Efficiency Values
Calculated Using Above Equation:

Q(gpm)
0 .2
0 .4
0 . 6
0 . 8
1 .0
1 .2
1 .4
1 .6
1 .8
2 . 0

BQ
(ft)
1 .8
3 . 5
5 . 3
7 . 0
8 . 3

10 .5
12 .3
1 4 .0
15 .8
17 .5

(ft)

-0 . 3
1 .3
2 . 9
5 . 2
8 . 1

1 1 .7
15 .9
2 0 . 8
2 6 . 3
3 2 . 4

s
(ft)
2 . 1
4 . 8
8 . 2

12 .2
1 6 .9
2 2 . 2
28 . 1
3 4 . 8
4 2 . 0
4 9 . 9

Efficiency

8 4 . 4
7 3 . 0
6 4 . 3
5 7 . 4
5 1 .9
4 7 . 4
4 3 . 5
4 0 . 3
3 7 . 5
35 . 1



APPENDIX C
Water Chemistry Data Taken During
72-Hfour Constant Rate Aquifer Test



APPENDIX C
Water Chemistry Data Taken During 72-Hour Constant Rate Aquifer Test o

T—^O

W01-P
W02-P
P2
MW-2
W03-P
P2
MW-2
W04-P
P2
MW-2
W05-P
P2
MW-2
W06-P
P2
MW-2
W07-P
P2
MW-2

Date

9/28/94

9/28/94

9/29/94

9/29/94

9/30/94

9/30/94

10/1/94

Time

1030
2300
2305
2308
1100
1104
1108
2300
2335
2340
1130

2300

0930

Temp
(°C)

25.0
25.0
22.6
22.6
25.0
22.6
22.6
23.4
22.6
22.6
23.4
212.6
22.6
23.4
22.6
22.6
23.4
22.6
22.6

pH

7.22
7.19
6.82
7.43
6.93
6.85
7.34
7.21
6.90
7.34
7.15
6.92
7.38
7.25
6.94
7.34
7.17
6.96
7.36

Conductivity
Omhos/ciB)

1630
1620
4345
4255
1590
4130
4261
1690
3949
4265
1690
3785
4268
1760
3658
4268
1790
3550
4269

Dissolved
Oxygen
(mg/L)

1.05-0.57*
1.14

0.62
1.68
2.0

0.55
1.37
2.0

0.77
1 . 13
1.9

0.66
1.06
1.4

1.47
1.10

Eh
(mV)

1 .1 *
0.055

0.024

0.044

At

0
12 hours

24 hours

36 hours

50 hours

60 hours

72 hours

Notes:
* = Drifts down during measurement.
1. W01-P through W07-P are samples taken from the pumping discharge line.
2. The Eh/DO meter was not available for the first three sampling rounds.
3. The pump was mistakenly shut down at 72 hours before Eh/DO readings could be recorded.
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APPENDIX C
Development and Verification of a Kinetic-Based

Geochemic al Model of a Ground-Water Extraction System



C-1.0 INTRODUCTION

Appendix C was prepared to describe development, verification, and sensitivity analyses
for the geochemical model (commonly identified as "the kinetic-based model") used to estimate
the times required to achieve a concentration of 50 p,g/L of arsenic hi the capture zones of the
Crystal Chemical site. The results of modeling are described in the Soil Ground-Water
Modeling Report (SGWMR). In Section 2.0 of the appendix, development of both equilibrium-
based and kinetic-based models and comparison of these two models is discussed. Section 3.0
of the appendix discusses verification of the kinetic-based model. Sections 4.0 and 5.0 present
the sensitivity of modeled results to various input parameters. Conclusions based on results of
verification and from sensitivity analyses are summarized in Section 6.0.

Equilibrium-based models are predicated on the assumption that chemical equilibrium is
instantaneously achieved and constantly maintained between arsenic in ground water and arsenic
in the adjacent soil. Because chemical reactions are tune dependent, chemical equilibrium
cannot be maintained in active systems, where the rate of release of a chemical from soil to
ground water is slower than the rate of ground-water extraction. As a consequence, actual con-
centrations of chemicals (arsenic) in ground water are lower than would be present under
equilibrium conditions, and concentrations in soil are higher. Equilibrium-based models charac-
teristically underestimate the amount of time required for pump and treat systems to attain
specified concentrations during remediation of ground water, and characteristically underestimate
the number of pore volumes of clean water needed to Rush the chemical from soils.

o
o

Kinetic-based models, as developed and used by HCI for verification purposes, simulate
equilibrium conditions, based on the assumption that concentrations of a chemical in soil and
ground water are controlled by the forward and reverse rates of chemical reactions, for which
the forward rate is faster than the rate at which the chemical is removed by advective flow of
ground water. Kinetic-based models provide a more accurate estimate of actual concentrations

C-l



of a chemical in ground water, during pumping than do equilibrium-based models. Therefore,
kinetic-based models provide a more accurate estimate of the tune required to remediate ground
water to a specified concentration, than do equilibrium-based models. Under equilibrium
conditions the ratio of the rates of the forward and reverse chemical reactions remain constant;
whereas under non-equilibrium conditions the rates change in conjunction with changes in con-
centrations of the chemical in soil and water.

CNC--
O
o

HCI's kinetic-based, hybrid model, which was used to estimate remediation tunes, allows
incremental change of. the forward rate of reaction and can be used to simulate rate-limited
distribution of arsenic between soil and ground water. Therefore, the hybrid model can be used
to more accurately simulate remediation times for pump and treat systems, than equilibrium-
based models.

C-2



C-2.0 DEVELOPMENT OF GEQCHEMICAL MODELS

Application of a geochemical model is a necessary step in calculation of the times
required to achieve a concentration of 50 ̂g/L of arsenic by pumping ground water at the
Crystal Chemical site ("the site"). Equilibrium-based models and a kinetic-based model were
initially considered as possible methods to describe removal of arsenic from the soil/ground-
water system. The model ultimately used in the simulations was a kinetic-based model, because
the results from laboratory leaching tests (in particular, the CS-5 leaching test described in
Appendix D) showed that arsenic desorption from soil to water is a time dependent (i.e., kinetic
or nonequilibrium) process. Although equilibrium-based models were not used in analysis of
the restoration time for capture zones, they were used to verify the kinetic-based model.

An advantage of a kinetic-based model over an equilibrium-based model is its capability
to simulate a broad range of geochemical conditions. An equilibrium-based model can only be
used to simulate adsorption and desorption of arsenic under equilibrium conditions. Whereas
a kinetic-based model can be used to simulate removal of arsenic from soil/ground-water systems
under diverse rates of arsenic mass transfer from the solid phase to the liquid phase, and
consequently provide more accurate results than those from equilibrium-based models.
Development of both equilibrium-based and kinetic-based models is discussed in Sections C-2.1
and C-2.2.

C-2.1 DEVELOPMENT OF EQUILIBRIUM MODELS

The following section describes the development of, and provides background information
related to, equilibrium-based models. Adsorption isotherms as they relate to equilibrium-based
models are also discussed.

o
T——*O
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C-2.1.1 Adsorption Models o
T——*O

The simplest geochemical models available to simulate a pump and treat system are
equilibrium-based models. Assumptions of the equilibrium-based models are that chemical
equilibrium is continuously maintained between arsenic in ground water and arsenic in soil.
Because of the assumption that desorption of arsenic from soil to water is not a time dependent
process, results from equilibrium models provide a minimum number of pore volumes of ground
water to be exchanged before a given cleanup goal can be attained. Given the minimum number
of pore volumes of ground water required to be extracted to attain a specified goal, and the time
needed to remove one pore volume; then the minimum length of time required to reach the
arsenic cleanup goal of 50 jttg/L can be calculated.

A major premise of most geochemical models for extraction of ground water is that
adsorption reactions control the distribution of the chemical of concern (in this case arsenic)
between soil and ground water. Adsorption reactions can be described by different equations.
Such equations are called isotherms. Specific types of isotherms include linear isotherms,
Langmuir isotherms, and Freundlich isotherms. Stephanatos et al. (1991) stated that, for an
iron-arsenic compound at the; Whitmoyer Laboratories Superfund site, adsorption of arsenic on
soil was not linear. Stephanatos et al. used a Freundlich isotherm to describe arsenic adsorption.
Holm et al. (1979) identified both linear isotherms (Equation 1) and Langmuir (Equation 2) to
describe adsorption of various arsenic species. Holm et al. (1979) identified Langmuir-type
isotherms to be most appropriate for describing adsorption of arsenate, monomethyl arsenic acid
(MMAA), and dimethyl arsinic acid (DMAA) on river sediments, and stated that adsorption of
arsenite appeared to follow a, linear isotherm.

For a linear isotherm, the concentration of arsenic in water is linearly related to the
concentration of arsenic in the soil, as shown in Equation 1.

C-4



Where

-rr soilA . - ——— (i)
aq

C5on ~ concentration of a compound in soil [M/M],
C^ = concentration of the compound in solution [M/L3], and
Kd — the distribution coefficient between arsenic in soil and that

in the water [L3/M].

<No

In a Langmuir isotheirn, the concentration of arsenic in water is not linearly related to
that in soil. The following equation describes the Langmuir adsorption isotherm:

Where

'ads KLCt

(2)
aq

*~*fittr ~~

b =
concentration of a compound adsorbed, on the solid phase (M/M),
concentration of the compound hi solution (M/L3),
maximum concentration of the compound adsorbed on the solid phase (M/M),
and

= slope constant at infinite dilution (L3/M).

A fundamental difference between distribution coefficients with behavior defined by Langmuir
isotherms and those defined by linear isotherms is that the K^ (the ratio of C^ (or Csoil) to C^)
for a Langmuir isotherm increases as C^ decreases, while the Kj for a linear isotherm remains
constant for all C^ values.

Although Langmuir and other nonlinear isotherms can describe the reactions between soil
and water that are related to arsenic adsorption, nonlinear isotherms are not generally
incorporated into equilibrium models for two reasons. First, there is an increase in model
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complexity and secondly, there is a need for additional data to support the nonlinear type of
model that is selected. At the Crystal Chemical site a nonlinear isotherm was approximated by
using two distribution coefficients.

o1—<o

C-2.1.2 Estimation of Pore Volumes

The number of pore volumes, which must be circulated through a specific capture zone
until a specified concentration is attained, is commonly used to estimate the number of years
required to achieve the specified concentration (Zheng et al., 1991). Two different equilibrium-
based models, both of which are similar to those provided in EPA guidance documents (USEPA,
1988), were employed to estimate the number of pore volumes needed to attain a specified final
concentration of 50 /ig/L. Both models are batch flushing models; they differ mainly in the
method of computation. Primary use of the models was to provide a means of verification of
HCI's kinetic-based models.

The first model, iderttified as the analytical model, is similar to that described by Zheng
et al. (1991). Zheng et al. used Equation 3 to analyze alternatives for ground-water remediation
at the Lone Pine Landfill Superfund Site in New Jersey by estimating the number of pore
volumes required to be flushed through a soil. The number of pore volumes (PV) required to
attain a specified concentration (Cs) was obtained by solving the following equation:

PV = - (3)

where, PV is the number of pore volumes required to attain the specified concentration (C,), and
Cinl[ is the initial concentration of arsenic in ground water, and R is the retardation factor. The
actual size of the pore volume does not enter into these calculations. The amount (relative size)
of the pore volume will be considered in Section 6.4 of the text when specific flow conditions
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are included in the calculations. At the Crystal Chemical site, Cs is the ROD mandated goal of
50Mg/L.

(No

The retardation factor (R) in Equation 3 is obtained from:

(4)

where Kd is the distribution coefficient, p is the bulk density of soil, and n is the porosity of soil.
A typical range of values for p/n is from 4.0 to 10.0 gm/cm3 (Freeze and Cherry, 1979).
Appelo and Postma (1993) suggest that a value of 6.0 gm/cm3 is a reasonable value of p/n for
most soils. A value of 6.0 gm/cm3 was selected for the purposes of verification of the kinetic
model. This value is sufficient for verification purposes, because only comparisons are made
and the absolute numbers are not relevant to actual conditions. The site-specific p/n values were
used in the final model simulations.

Site-specific p/n values were calculated using moisture content, specific gravity, and bulk
dry density, which were available for 20 soil samples collected from the site. The data used hi
the calculations are summarized in Table 12 of this report. The range of p/n values in the table
was from 3.2 to 5.9 gm/cm3. For the six soil samples collected from the 35-foot zone, p/n
values ranged from 4.9 to 5.7 gm/cm3. The average value of p/n of the six samples from the
35-foot zone was 5.2 gm/crn3; the average value was used in the capture zone calculations
discussed in Section 6.4 of the text and in Section C-5.0 of this appendix.

The second equilibrium-based model, identified as the plug flow model, was also used
in the verification procedure. The model is similar to the batch flushing model outlined in a
USEPA guidance document (USEPA, 1988). In the plug flow model, water is conserved hi each
pore volume. An assumption inherent in the model is that the ground-water flow system can
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be described by a plug flow model, and that the chemical reactions can be described by a simple
batch reactor. The assumption of a simple batch reactor implies a uniform distribution of
arsenic in the reactor. In the first pore volume, arsenic in water and in soil are assumed to be
at equilibrium. The distribution between arsenic in soil and in ground water is described by K^
For the plug flow model, one pore volume of solution inside the batch reactor is instantaneously
removed and replaced with another pore volume of clean water. Removal of each pore volume
eliminates the mass of arsenic present in the aqueous phase of that particular pore volume. A
new mass of arsenic is calculated based on the assumption that equilibrium is instantaneously
established between the soil and the second pore volume of water. Thus, after removal of the
first pore volume, the concentration in the second and all subsequent pore volumes becomes a
function of the retardation factor and the total mass of arsenic remaining hi soil. Plug-flow
flushing continues until the concentration of arsenic is below a concentration of 50 ̂g/L (Cs).
A simple computer program was developed by HCI to perform the calculations.

oo
£-—.oô
r—I
O

C-2.1.3 Selection of Distribution Coefficients

A total of fifteen distribution coefficients were calculated using data from both the field
and laboratory. Eleven of these values were derived from analyses of soils and ground water,
and were used in calculations for verification of the kinetic model (Table A). The remaining
four Kj's were obtained from the adsorption/desorption column experiments and were not used
for any of the verification calculations. Consequently, the four Kj's from the
adsorption/desorption experiments are not included hi Table A. The average of these four
measurements were included hi the capture zone model calculations and in two sets of model
sensitivity calculations.

Seven of the K/s, used for verification purposes, were calculated using concentrations
of arsenic in samples of soil and ground water collected from within the 35-foot zone (MW-2,
MW-3, MW-5, Tla, T4c, T5, and T6). At each of the locations, samples of soil and ground
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water were collected from approximately the same depth, and are assumed to be in chemical
equilibrium. The differences in depth between the soil sample and the water sample varied from
three to ten feet. The variation in depth could influence the calculated K^ value, but the degree
of influence is not known. The remaining four BQs in Table A (described below) were estimated
using laboratory-derived data.

o
i—HO

Three of the four K<, values, estimated from laboratory-derived data, were calculated
using data from column leaching tests, and the fourth value was estimated using data from the
bottle roll experiments. Experimental conditions for the bottle roll experiments and column
leaching tests are described in Appendix D of this report. The three distribution coefficients
from leaching tests, were calculated based on the initial arsenic concentration in soil and that in
water from the soil samples used in the CS-2, CS-5, and CS-2/CS-6 leaching experiments.

Distribution coefficients from the bottle roll experiments were obtained using data
summarized in Table B. The calculations were conducted based on assumptions that equilibrium
conditions were maintained between arsenic in soil and in water. Because concentrations of
arsenic in soils were not measured hi the experiments, Kj values listed in Table B, were
calculated using the following equation:

K - (5)

where
C0 = the initial concentration of the arsenic in the solution [M/L3],

C = the equilibrium concentration of arsenic in the solution [M/L3],
V = the volume of solution [L3], and
W — the weight of the soil [M].

In addition to the distribution coefficients summarized in Table A, distribution
coefficients were also calculated from the results of the adsorption/desorption studies. After
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completion of the laboratory tests, the arsenic concentrations in leachate samples from the four
column experiments (Columns 8, 9, 10, and 11) were measured (Appendix D). The
concentrations of arsenic in the final pore volume varied from 5.3 to 6.6 mg/L. The final
average concentrations of arsenic in the soils were also measured. The values ranged from 13.8
to 32.8 mg/kg. Using Equation 2, the fQs were calculated to be 3.3 ml/gm, 5.5 ml/gm, 2.6
ml/gin, and 3.1 ml/gm, for Columns 8, 9, 10, and 11, respectively. The average of the four
KdS was 3.6 ml/gm. The Kds are relatively high in comparison with the KdS derived from field
data, indicating the possibility of a nonlinear isotherm for arsenic adsorption on soil. Although
Kds are primarily used in the equilibrium-based models, they are indirectly used in the kinetic-
based models to calculate the initial concentration of arsenic in soil and to calculate the reverse
mass-transfer coefficient.
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The laboratory K^s derived from the column experiments (Columns 8, 9, 10, and 11)
were not used in the calculations of initial arsenic concentrations in soils because of the
dichotomy that is faced when reviewing the soil data. For example, at the location of sample
T4c, the observed arsenic concentrations hi water and soil are 1,060 mg/L and 160 mg/kg,
respectively, and using a K^ value as small as 3 ml/gin and the arsenic concentration of 1,060
mg/L, arsenic concentration in soil was calculated to be about 3,000 mg/kg, a value that is
significantly higher than the measured value of 160 mg/kg. As a consequence, field derived K^
values were used in all subsequent simulations to provide the initial values of the distribution
coefficient and to estimate the initial concentration of arsenic sorbed hi the soil. These field
derived K^s provide a very conservative estimate of the extent of arsenic adsorption at the site.
In the kinetic-based models that were used to model the capture zones, the higher K^s replaced
the lower initial Kd values after a specified number of pore volumes have been pumped from the
capture zone. The higher l̂ s were used because they are probably more representative of
sorption conditions after the first few pore volumes of water have been flushed from the water-
bearing zone.
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C-2.2 DEVELOPMENT OF THE KINETIC-BASED MODEL

Data from the CS-5 leaching test suggests that, after the first few pore volumes of
flushing, arsenic desorption from soil to water becomes a rate-limited process. Therefore, a
kinetic-based model that includes slow mass-transfer coefficients is more representative of
conditions that will probably occur at the site after an initial period (several years) of pumping.

C-2.2 A Results From Column Leaching Experiments

Three column leaching tests (CS-2, CS-2/CS-6, and CS-5) were conducted using on-site
materials to provide information about the rate and amount of arsenic that can be released to the
ground water from geologic materials adjacent to the former ponds (Appendix D). The soils
were leached with unfiltered ground water from monitoring well MW-12. Two of the three
samples (Column 2 [CS-2] and Column 6 [CS-2/CS-6]) were abandoned because they had low
permeabilities and yielded only small amounts of water (less than two pore volumes). The CS-5
experiment provided concentrations of arsenic as a function of the number of pore volumes of
water passed through the column. Initially, pore volumes were exchanged at a rate of
approximately one pore volume per day. Later in the experiment, the leaching solutions were
retained in the column for periods of 7, 16, 26, and 47 days.

The results from of the CS-5 leaching experiment are graphically presented as
concentration versus time in Figure C-l. Also presented in Figure C-l are the calculated arsenic
concentrations in the soil. The concentrations of arsenic hi soil were calculated by subtracting
the mass of arsenic removed in each exchanged pore volume from the initial mass of arsenic in
the sample, and then dividing the mass of arsenic by the mass of soil. The results of the CS-5
column leaching experiment (arsenic concentrations versus pore volumes of sample leached)
showed a biphasic (two-phase) desorption pattern, indicating that there is a rapid initial release
of arsenic from soil to water followed by a slower, long-term release of arsenic.
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first five pore volumes. The arsenic concentration in the leachate of the fifth pore volume was
less than 10 percent (940,000 /*g/L) of the arsenic concentration hi the leachate of the first pore
volume (19,800,000 ̂ g/L). After the fifth pore volume, concentrations continued decreasing
through the 20th pore volume, but decreased much more slowly than in previous pore volumes.
Arsenic concentration in the ieachate then appeared to reach a nearly steady value of
approximately 100 mg/L for each additional pore volume. Although the concentrations of
arsenic after the 20th pore volume were low, the calculated arsenic concentration in the soil was
still high. The significant difference between the arsenic concentration in water and that in soil
demonstrates that release of arsenic from soil to water is a rate limited process. The rate-limited
processes of arsenic desorption can be adequately simulated by kinetic-based geochemical model.
The results from CS-5 leaching experiment provide the basis for the development of a kinetic-
based geochemical model.

C-2.2.2 Kinetic-Based Model

Whether the kinetic model simulates a set of equilibrium conditions or a set of rate-
limited (kinetic) conditions depends upon the relative differences between the forward mass-
transfer coefficient (k+), the reverse mass-transfer coefficient (k"), and the rate of advective flow
(know)- Because the equilibrium constant (K) is the ratio k+/k"; then, under equilibrium
conditions, k" increases or decreases in proportion to k+. Chemical equilibrium between arsenic
in soil and that in water can be maintained if k+ is significantly faster than kflow.

Slow, forward, mass-transfer coefficients reduce the rate of transfer of arsenic from soil
to ground water. When slow rates of forward mass transfer are used, chemical equilibrium
between arsenic in soil and that in water is not maintained; and desorption of arsenic from soil
to water is a kinetically-cootrolled (rate-limited) process. Under conditions of slow mass
transfer, less arsenic is released from soil to ground water per unit time than is released under
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conditions of fast mass transfer. As a result, concentrations of arsenic in ground water are
lower than concentrations under equilibrium conditions, because they are limited by k4" and know.
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Pumping and treatment of arsenic-bearing ground water from rate-limited systems results
in longer time for remediation than is required by equilibrium-based systems. Many more pore-
volumes of ground water must pass through rate-limited systems to achieve a specified
concentration of arsenic in ground water, than are required in equilibrium-based systems.

The kinetic-based model was formulated to simulate the following set of reactions:

where

soil (6)

Assoil = effective concentration (of arsenic in soil in contact with 1 liter
of water \M/V])yAswater = concentration of As in water [M/L3],

= arsenic removed from the system by the advective flow [M/L3],
£+ = mass-transfer coefficient of arsenic from soil to water (referred as "the forward

mass-transfer coefficient") [T l],
iaw — proportion of water removed from the system per unit tune [T l], and
k~ = mass-transfer coefficient of arsenic from water to soil (referred as "the reverse

mass-transfer coefficient") [T1].

Equation 6 shows tliat arsenic in soil (Assoil) is released to water (Aswaler) at a rate
controlled by the value of k+. Arsenic in water can move into soil at a rate controlled by the
value of k". Arsenic hi water can also be removed from the system by advective flow. The rate
of arsenic removal is controlled by the value of kf,ow. All of these processes are considered to
be first order reactions. Thus, the amount of mass that is exchanged is also a function of the
concentration (or mass) in each phase.
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When equilibrium exists between arsenic in soil and that in water, the rate of release of
arsenic from soil into water, and the rate of release of arsenic from water into soil, are equal.
Thus

water ] . (7)

Equilibrium is assumed to occur under static or near static flow conditions. Given the fact that
arsenic has been present hi the site for over 20 years, it is appropriate to assume that arsenic hi
soil and in ground water, before installation of a pumping system, is at equilibrium.

oo<NO

To properly account for the total mass of arsenic in the system, the equivalent
concentration of arsenic in soil was used to represent the arsenic concentration in soil. The
equivalent arsenic concentration in soil is defined to be the mass of arsenic in soil that is in
"contact" with one Liter of water. Thus, at the start of the model (time = 0), the equivalent
concentration of arsenic in soil is defined by:

. p .water- *<• (8)

In a similar manner the value of k" is defined by:

T - T + 0 TTIr —• If • * • K
Kr —A> -——~ "*sf 'n (9)

The calculation of k" is a consequence of the principle of detailed balancing (Lasaga, 1981),
which states that at equilibrium the rates of forward and reverse microscopic processes
(reactions) are equal. Collectively, k"1" and k" are referred to as the set of mass-transfer
coefficients.
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Two differential equations were developed from the set of reactions described in Equation
6. The change in equivalent; concentration of arsenic in soil is described by

(10)dt

00
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and the change in arsenic concentration in water is described by

dt (ID

These two equations were solved using a fourth order Runge-Kutta Method (Johnston, 1988).
The original solving routine was written in BASIC.

C-2.2.3 Selection of Forward Mass-Transfer Coefficient Values

The simplifying assumption for calculation of the forward mass-transfer coefficient is that
the rate of mass transfer of arsenic from soil to water is far from equilibrium, such an
assumption can be described by the following equation:

„] <12>
Based on the assumption in Equation 12, the back reaction term in Equation 6 can be ignored
during calculation of k+. Ignoring the back reaction term simplifies the computation.

Given the high concentrations of arsenic in the soil (greater than 12,000 mg/kg) and
relatively low concentrations of arsenic in the leachate (between 1000 to 100 mg/L), the
assumption in Equation 12 appears to be satisfied and mass-transfer coefficients can be calculated
using data from the CS-5 leaching tests. Arsenic in ground water is believed to be in
equilibrium with the soils because of the long period of time available to establish equilibrium
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(10-20 years). The residence time of water in the column experiments were very short and so o
equilibrium was not established in the column experiments.

To verify that the assumption described by Equation 12 was valid for the CS-5 leaching
data, distribution coefficients were calculated and then compared with the distribution
coefficients measured using analyses of soil and ground-water. The distribution coefficients
calculated from the fifth pore volume to the 42nd pore volume ranged from 14 ml/gm to 116
ml/gm. The values are much higher than those obtained from the field data (Section C-2.1.3).
Because distribution coefficients estimated using the data from the CS-5 leaching test are much
higher than values observed at the site, it is reasonable to assume that equilibrium between
arsenic in soil from CS-5 and in water has not been attained (arsenic concentrations in soil are
too high to have a K^ that is comparable with that observed in the field). It is also reasonable
to assume that the value of die k~ [Aswater] term is small.

Both fast and slow forward mass-transfer coefficients were obtained from CS-5
experimental data. The fastest forward mass-transfer coefficient was calculated from
concentrations obtained from the fifth pore volume. The fifth pore volume took approximately
two days to pass through the column, and the concentration of arsenic was 940,000 /ig/L in the
leachate (Figure C-l). The reason for selecting data from the fifth pore volume is that, by the
fifth pore volume, arsenic concentrations in the leachate started to level out at concentrations of
less than 1,000,000 /xg/L. Concentrations of less than 1,000,000 /ig/L correspond with values
measured hi ground water from the site. Thus, the calculated mass-transfer coefficients are
comparable with those expected at the site during the first few pore volumes of extraction. The
forward mass-transfer coefficient was calculated at the fifth pore volume using the following
equation

C, = C0 * - * * < .
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Where
C0 = arsenic concentration in soil at t = 0 (13,832 mg/kg, a value calculated from

the initial measured concentration and a mass balance of arsenic leached from
the column) [M/M],

Ct = arsenic concentration in soil at t = end (13,373 mg/kg, a value calculated from
the initial measured concentration and a mass balance of arsenic leached from
the columa) [M/M],

£+ = mass-transfer coefficient [T 1], and
t = time (43 hours, the time required to flush the fifth pore volume) [T].
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The equation was rearranged to the following:

(14)

and solved for k+. For the fast mass-transfer coefficient, a value of 0.019 days"1 was calculated
from Equation 14, and the value was converted to 6.9 years"1. In subsequent discussions, the
value of 6.9 year"1 is commonly referred to as the fast mass-transfer coefficient for k+.

A value of the mass-transfer coefficient for k+ can also be approximated by using a linear
function of the aqueous concentration, soil concentration, and p/n term, as described in Equation
15:

AC
P/n A t (IS)

Where

p/n
At

= change hi concentration of arsenic in aqueous phase for time At [M/L3],
= concentration of arsenic in soil [M/M],
= bulk density/porosity value [M/L3], and
= time that pore water was retained in column [T].
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CS-5 soil sample (Appendix D). Using the linear approximation, a value of 6.8 years"1 was
obtained for the fast mass-transfer coefficient for k* at the fifth pore volume.

A slow mass-transfer rate coefficient for k+, using data from the 40th pore volume of the
CS-5 leaching test, was also calculated using Equation 15. In the leaching experiments, the 40th
pore volume of water was retained in the column (blocked in) for a period of 47 days (from June
9 to July 26, 1994). After the 47-day period of tune, the column was flushed with clean water.
The arsenic concentration in the leachate was 170,000 /ig/L (40th pore volume). The
concentration of arsenic in the column before the water was "biocked-in" was 97,000 jig/L, a
concentration measured ha the leachate of the 39th pore volume. Therefore, the difference in
concentrations (AC )̂ was calculated to be 73,000 /^g/L. The concentration of arsenic in the soil
was assumed to be equal to 12,466 mg/kg, a concentration measured at the end of the leaching
experiment. The ratio, p/n, was assigned a value of 2.1 gm/cm3. The forward mass-transfer
coefficient was calculated, using Equation 15, to be 0.02 year"1; this value is used hi the
simulations to model slow mass-transfer conditions.

To support selection of 0.02 year1 as the slow mass-transfer coefficient (k+), three
additional k+ values were calculated using data from other "blocked-in" periods. These periods
were April 11 to April 19, April 22 to May 10, and May 12 to June 7 (Appendix D); the
calculated values of the mass-transfer coefficients for k+ were 0.02, 0.05, and 0.04 year"1,
respectively. Comparison of the selected k+ value with the k+ from the previous two "blocked
in" periods show a downward trend of k+ (0.05,0.04, and 0.02 year"1). The trend indicates that
even slower values for k+ could have been obtained If the CS-5 column experiment was allowed
to run for a longer time. Thus, the selection of 0.02 year"1 for k+ is appropriate and
conservative for the model calculations.
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C-3.0 VERIFICATION OF KINETIC-BASED MODEL

C-3.1 DESCRIPTION OF PUMP AND PUMPH

Two programs, written in BASIC, were developed by HCI, to simulate arsenic removal
by a ground-water extraction system. These two programs, were identified as PUMP and
PUMPH (Pump Hybrid); they were designed to simulate the kinetic-based models developed in
Section C-2.2. The program PUMP accommodates only a single set of mass-transfer
coefficients, whereas, Pf/MPHcan accommodate two sets of mass-transfer coefficients. Listings
of the programs are attached to this appendix. Input and output files used hi the simulations are
summarized in Table 24 of tiie report and the additional simulations described in this appendix,
are also included on a pair of attached computer disks.

In addition to capabilities for simulating reactions of the kinetic-based model (Equation
6), both PUMP and PUMPH also incorporated statements in the code to control the pump. In
the simulations, a value that is 10 percent lower than the 50 /xg/L specified concentration (i.e.,
45 /ig/L) was used as the criterion to turn off the pump, and a value that is 10 percent higher
(55 jig/L) was used as the criterion to turn the pump on again. Initially, the pumping system
operates continuously, and at the end of approximately every year, the program prints out the
concentration of arsenic hi the soil and ground water and the value of kfl0w. The pump stays on
continuously until the aqueoius concentration reaches 45 jig/L. Then the pump will turn off and
the pump may stay off, or the pump may cycle on and off. Each time the pump cycles on or
off, the program prints the change in status. Under fast rates of mass transfer (equilibrium
conditions), the pump remains on until the 45 p,g/L concentration is reached. If arsenic in soil
and in water were in equilibrium at all times, there would be no change in the concentration of
arsenic in water after the pump was turned off. Therefore the pump would not need to be turned
on again.
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Under slow rates of mass transfer, the pump can cycle on and off over many years. T—i
OWhen the pump turns off for the first time the soil/ground water system are not in equilibrium,

and the soil acts as a source of arsenic. When enough arsenic has leached from the soil into the
ground water to reach the 55 ^g/L concentration, the pump turns on again. The program resets
the kfjow value to the defined pumping rate, arsenic is pumped out of the system, and the 45 p,g/L
concentration is again reached. The pump then turns off again and waits until the concentration
in ground water exceeds 55 //g/L. The on and off cycles may continue for some period of time
until enough arsenic has been removed and the concentration in ground water does not exceed
55 jig/L.

PUMPH was the program finally selected for the capture zone analysis presented in
Section 6.4. Both fast and slow sets of mass-transfer coefficients were incorporated in the
program. The only difference between PUMP and PUMPH is inclusion of statements in
PUMPH that change the k+ and k: values after a user-specified number of pore volumes. For
calculations used in this report, the mass-transfer coefficient was changed after five pore
volumes of water were removed from the system. Fast mass-transfer coefficients for k+ (i.e.,
essentially equilibrium conditions) were assumed during the first five pore volumes. After the
fifth pore volume was removed, slower mass-transfer coefficients were used. The hybrid
approach was selected because it more realistically simulates conditions that occur at the Crystal
Chemical site, than does an approach using a constant mass-transfer coefficient. That is, during
the first few pore volumes of water, high mass-transfer coefficients exist hi the system; but after
the more easily removed arsenic is extracted, the rate of mass transfer will decline, and
distribution coefficients will increase. Thus, PUMPH, was used to calculate the minimum
amount of tune to achieve a 50 pg/L concentration for each capture zone that was established
in Scenario 1.

In addition to the change of mass-transfer coefficients in the program, PUMPH also
provides an approximation of non-linear adsorption isotherms for arsenic that have been
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identified at other sites. After the fifth pore volume has been removed, the distribution
coefficient was increased from its initial value, which were calculated from field data, to a value
of 3.6 ml/gm, the average value obtained from desorption experiments. Given the high initial
concentrations of arsenic in the various capture zones and the low final concentration required
by the ROD, it is reasonable to expect even higher distribution coefficients as the aqueous
concentrations decrease. Therefore, selection of a Kd as low as 3.6 ml/gm is a reasonable and
conservative assumption for calculating the remediation tune for each capture zone.

C-3.2 VERIFICATION OF THE KINETIC-BASED MODEL

The programs were verified before they were used in calculations for amount of time
needed to remediate ground water. Verification of the kinetic-based model was performed using
the non-hybrid version (PUMP). Verification involved comparison of the number of pore
volumes needed to reach a concentration of 50 /xg/L, as calculated from an equilibrium-based
model, with the number of pore of pore volumes estimated from a kinetic-based model that used
a set of fast mass-transfer coefficients. Both models used the same initial concentrations of
arsenic in soil and ground water, distribution coefficients, and values for bulk density/porosity
(p/n). Equilibrium-based models were used because they are widely accepted and therefore
provide a benchmark for verification. When a set of fast mass-transfer coefficients is used, the
results obtained from the kinetic-based model are essentially identical with those obtained from
an equilibrium-based model.

The models were verified using eleven sets of conditions. The conditions were based
upon the eleven distribution coefficients described in Table A; seven were field samples, three
were samples used in the column leaching tests, and one was the sample used in the bottle roll
experiments. Samples from the bottle roll and leaching experiments were included in model
verification to provide a broa.der range of conditions, including higher concentrations of arsenic
and larger initial Kd values than were likely to be encountered in capture zones at the site.
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Input parameters used in the equilibrium models and the corresponding number of pore
volumes needed to achieve the final concentration are summarized in Table C. The initial
concentration of arsenic in each soil sample was calculated using the distribution coefficient and
the initial concentration of arsenic in water. The number of pore volumes of extracted ground
water required to attain an arsenic concentration of 50 jtig/L (pore volume required) is presented
in Columns 5 and 6 of Table C. Values in Column 5 of Table C were obtained using the
methodology of Zheng et al. (1991). The variation hi the number of pore volumes required to
be extracted depends on the initial arsenic concentration and the distribution coefficient, which
are influenced by the lithology of the 35-foot, off-channel sands. Variability in the retardation
factors and hi the initial concentrations of arsenic in water is evidence of the heterogeneity of
the 35-foot zone.
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The values in Column 6 of Table C were obtained using the plug flow model, which is
similar to the batch flushing model outlined hi a USEPA Guidance Document (1988). The
number of pore volumes required varies from 4 to 123.

Comparison of the values in Column 5 of Table C with those in Column 6 of Table C
shows that using the two equilibrium-based models results in only slight differences hi the
number of pore volumes required reach the 50 ^g/L concentration. The slight differences are
due to different assumptions in the models. The underlying assumption hi the model employed
by Zheng et al. (1991) is that continuous mixing occurs as the water is removed; the added
water dilutes the ground water, therefore, the mass of arsenic removed hi any pore volume is
less than the concentration obtained if equilibrium were maintained and dilution did not occur.
While the plug flow model (Column 6 of Table C) assumes that all of the water hi one pore
volume is instantaneously removed, and that the water of the removed pore volume contains all
of the dissolved arsenic. Because results from these two equilibrium-based models so are close,
only values in Column 5 of Table C will be used to compare with results from the kinetic-based
model.
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For purpose of program verification, simulations that employed the kinetic-based model
were conducted using hypothetical values for kflow of 1.0 pore volume per year and a p/n of 6.0.
A knaw of 1.0 pore volume per year was selected in the kinetic-based model calculations because
such a flow rate allows a direct comparison of the results from the kinetic-based model with the
results from the equilibrium model. In order to produce results that are comparable with those
obtained from the equilibrium-based model, the fast, mass-transfer coefficient (6.9 year'1) was
used in the verification. Input parameters used in the simulations of the kinetic-based model are
summarized hi Table D. The values of k" hi Column 5 of Table D were calculated using
Equation 9.
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T——<O

A comparison of the values hi Column 6 (kinetic-based model results) of Table D with
the values in Column 4 of Table D shows that the number of pore volumes calculated to reach
a concentration of 50 /*g/L by using an equilibrium-based model is similar to those calculated
using the kinetic-based model. Because results from the kinetic-based model are hi good
agreement with those from the equilibrium-based model, the methodology presented in the
kinetic-based model has been successfully verified.
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C-4.0 SENSITIVITY OF MODELED RESULTS TO INPUT PARAMETERS

To evaluate the sensitivity of results from the kinetic-based model to different input
parameters, several simulations were performed using PUMP. These simulations evaluated the
effects of different flow rates (kflow), mass-transfer coefficients (k+), soil concentrations, and
distribution coefficients (by varying the ratio of k+ to k") on the times to achieve the final ROD
mandated goal of 50 /ig/L of arsenic in ground water. In most simulations only one parameter
was changed at a time, all other parameters remained constant.

Results from the sensitivity simulations, except those from sensitivity analyses related to
flow rates, were compared with the reference simulation or base case. Flow rates were
evaluated using all 11 of the verification simulations {Table D). Although any sample from
Table D could have been selected, the simulations used to evaluate sensitivity of the model to
mass-transfer coefficients, soil concentrations, and distribution coefficients were all performed
using conditions from the bottle roll experiments. The original model calculations (Table D)
from the bottle roll experiments provide the reference simulations.

C-4.1 THE EFFECT OF CHANGING FLOW RATES ON TIMES TO ACHIEVE THE
50 jtg/L CONCENTRATION

The effect of flow rate on the number of years to achieve the final concentration of 50
ptg/L of arsenic was analyzed by changing flow rates (k^low). Slow mass-transfer coefficients for
k+ and the PUMP program were used during the analysis. Fast rates of mass transfer were not
included in calculations, because under equilibrium conditions doubling the flow rate will reduce
remediation time by half. The results obtained from simulations using kfiow of 1.0 year"1 and 2.0
year1 are summarized in Columns 8 and 9 of Table D. Comparison of the values in Column
8 and those in Column 9 of Table D shows that, for slow forward mass-transfer coefficients
(k+), an increase in pumping rate will not significantly decrease the time required for
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remediation. Doubling the pumping rate (kflow) to 2.0 year1 (or one pore volume exchange per
0.5 years), has a slight effect on the length of time to attain an arsenic concentration of 50 jug/L.
Comparing Columns 8 and 9 in Table D shows that, for some simulations, the remediation times
do not change. In four of the simulations, remediation times increase when the pore volume
exchange rate is doubled.

Four simulations (CS-2, T4c, T6, and MW-5) that use slow mass-transfer coefficients,
require longer periods of time to achieve the final concentration of 50 /ig/L even when the k^
value has been increased from 1.0 year"1 to 2.0 year1. The paradox can be explained as an
artifact of the pump control routine. After an initial decrease in concentrations of arsenic, the
pumping system will cycle on and off, and the annual rate of pore volume exchange will
decrease. Therefore, the slow set of mass-transfer coefficients, the pumping control routine, and
selection of criteria for turning the pump on and off ultimately dictate the length of time before
pumping can finally cease. After the pump system begins to cycle, the average annual pumping
rate will decrease, and consequently the rate of mass removal also changes.

C-4.2 THE EFFECT OF CHANGING THE VALUE OF k+ ON TIMES TO ACHIEVE
THE 50 0g/L CONCENTRATION

Table E contains a summary of times required to reach the 50 /ig/L remediation goal,
using different mass-transfer coefficients. For the simulations where a fast mass-transfer
coefficient for k+ is used (Columns 1, 2, and 3 of Table E), doubling the mass-transfer
coefficient (Column 1 of Table E) from 6.9 years"1 to 13 .8 years"1 results in only a one year (two
percent) decrease in the remediation time. Halving the mass-transfer coefficient for k+ to 3.45
years"1 increases the remediation time from 52 years to 53 years, a two percent increase. Thus,
if mass-transfer coefficients of k+ are fast, the estimated remediation time to achieve a goal is
insensitive to the selected k* value.
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The number of yean; to achieve the 50 ^g/L goal is sensitive to the value of the slow
mass-transfer coefficients for k+ when that value is small. Using a kf,ow of 1.00 year1 in the
simulation, and doubling the forward mass-transfer coefficients for k-f from 0.02 to 0.04 year"1

(Column 4 of Table E) resulted in a 52 percent decrease; or a change from 650 years to 311
years in remediation time. Halving the k+ (0.02 year"1 to 0.01 year"1) increases remediation tune
from 650 to 1160 years (Column 6 of Table E); a 78 percent increase. Comparable changes in
the number of years are also observed for the model simulations that used a know of 2.0 years"1

(Columns 7, 8, and 9 of Table E).
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The results of calculations presented in Table E Indicate that if the model uses a fast
value for k* (essentially equivalent to an equilibrium model set of conditions), the results are
not sensitive to changes in k+. But if slow mass-transfer coefficients are used, the results are
very sensitive to selected values of k+. Such a conclusion is consistent with the original
premises used in design of the model. Flow rate is the limiting factor in the models that employ
fast mass-transfer coefficients, because arsenic is removed from the system as fast as the water
is removed. However, the flow rate has little effect on the rate of arsenic removal, in the
models that employ slow mass-transfer coefficients. The mass transfer of arsenic from soil to
water is a rate limiting process and controls the number of years required to achieve a specified
final concentration. Therefore, where slow mass-transfer coefficients are used in the model, the
calculated times to achieve a concentration of 50 jig/L axe sensitive to the selected values of k+.

C-4.3 THE EFFECT OF CHANGING THE DISTRIBUTION COEFFICIENTS ON
TIMES TO ACHIEVE 50 jcg/L CONCENTRATIONS

Effects of varying distribution coefficients on the number of years to achieve a
remediation goal were also examined. Three different sets of conditions were evaluated.
Results are presented in Table F. In the first set of simulations (Rows A, B, and C of Table F),
concentrations of arsenic in soils and values of distribution coefficients were varied. The
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concentration of arsenic in the soil can be calculated by multiplying the concentration in ground
water by the distribution coefficient (Equation 1). Thus, a change in a distribution coefficient
value would also result in a change in the concentration of arsenic in soil.

o
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The concentrations of arsenic in soil and the distribution coefficients were varied in three
sets of simulations (Rows A, B, and C of Table F). One set of simulations included changes
in concentrations of arsenic in soil, while maintaining a constant K^ (Rows D, E, and F of Table
F); the concentrations were doubled and halved from the base case of 1,860 mg/kg. The last
set of simulations maintained a constant concentration of arsenic in soil and varied the
distribution coefficient (Rows G, H, and I of Table F); the values of JQ were doubled and halved
from the base case of 0.76 ml/gm.

In Table F, the model conditions (i.e., initial concentration of arsenic in water, IQ, and
equivalent soil concentrations) used in rows B, E, and H are the same as the those used in the
bottle roll experiments of Table D; and they are also the same as those used in Columns 2, 5,
and 8 in Table E. Simulations listed in Rows B, E, and H of Table F are considered to be
reference simulations. The reference values are included three times in Table F to simplify
comparisons among simulations and to facilitate the discussion that follows.

For the calculations that used the fast mass-transfer coefficient, the greatest changes in the
number of years (Column 4) were associated with changing both the distribution coefficient and
the soil concentrations. When the two factors were separated, the calculations demonstrate that
the more important factor is the value of the distribution coefficient. A change in soil
concentration without a corresponding change in the distribution coefficient had little impact on
the number of years that the pump system must operate.

For the calculations that used the slow mass-transfer coefficients, changing the
distribution coefficient or the soil concentrations had little effect on the number of years required
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00ON<NObefore the pump system could be turned off. Some of the results indicate that fewer years are ^
needed even though soil concentrations and distribution coefficients were increased. As
previously discussed for the models that use slow mass-transfer coefficients, the pump control
routine is in large pan responsible for these apparent inconsistencies. In a similar manner,
differences in flow rate (comparing Column 6 with Column 8) do not appear to have much effect
on the number of years required under the different scenarios. The models that use slow mass-
transfer coefficients are not sensitive to changes in distribution coefficients, or initial soil
concentrations.

In summary, sensitivity analyses demonstrate that models using fast mass-transfer
coefficients are essentially equivalent to equilibrium models; and are most sensitive to parameters
that directly relate to equilibrium conditions. Specifically, the value of the distribution
coefficient is a key parameter that controls the number of years required to achieve a
remediation goal.

Scenarios that use slower mass-transfer coefficients are most sensitive to variation of the
mass-transfer coefficients. The rate of arsenic release from soil to aqueous phase controls the
number of years needed to achieve the remediation goal. Lastly, flow rate, distribution
coefficient, and initial soil concentration of arsenic in soil have little effect on the number of
years required to achieve a remediation goal if slow mass-transfer coefficients are used.
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C-5.0 SENSITIVITY OF CAPTURE ZONE MODELS TO CHANGES IN MODEL °
PARAMETERS

C-5.1 EFFECTS OF CHANGES IN DISTRIBUTION COEFFICIENTS

Additional simulations, using PUMPH and p/n value of 5.2 gm/cm3, were used to
evaluate the sensitivity of estimated remediation times for Capture Zones A and D to different
values of distribution coefficients and porosity. These two capture zones were selected because
Zone D represents the area requiring the longest period of time for remediation; Zone A
represents a remediation time that is near the mid-point of remediation times for all zones.

As discussed in Section 6.0 of the report, distribution coefficients obtained from field
data were used to describe sorption reactions during removal of the first five pore volumes of
water from each capture zone. The PUMPH program used a larger value for distribution
coefficient after the fifth pore volume was removed from the capture zone. The distribution
coefficient used after the fii'th pore volume was removed, was the average value (3.6 ml/gm)
from the four adsorption/desorption column tests (described in Appendix D). During the
sensitivity analyses, the lowest value of K^ (2.6 ml/gm) and the highest value (5.5 ml/gm) were
used instead of the average value.

The simulation using the average Kd value (3.6 ml/gm) for Capture Zone A, provided
an estimated remediation time of 213 years. The value was rounded to 200 years in Table 24
(reproduced as Table G). Using a Kj value of 2.6 ml/gm increased the time to 219 years, and
using the higher Kj decreased the time to 199 years. All of these results were rounded to 200
years because remediation times were reported to the nearest 50 years. The slight changes in
times demonstrate the lack of sensitivity to variations in the Kj value.
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Some differences in the estimated remediation times were calculated for the simulations
of Capture Zone D. The reference simulation that used the average K^ value of 3,6 ml/gm
required 650 years to achieve the remediation goal. The number of years was reduced to 600
years when the K^ value was reduced to 2.6 ml/gm. Using the value of 5.5 ml/gm for the
distribution coefficient increased the number of years to 750. The results from these simulations
indicate that the effect of the distribution coefficient, for the range of values used (2.6 ml/gm
to 5.5 ml/gm), on the number of years to achieve the remediation goal is slight. The conclusion
that capture zone models are insensitive to changes in distribution coefficients is consistent with
the sensitivity analysis perfoimed using the hypothetical bottle roll experiments. Furthermore,
the insensitivity of the model to changes in distribution, coefficients indicates that use of more
complicated nonlinear adsorption isotherms is unnecessary.

oo
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C-5.2 EFFECTIVE VERSUS TOTAL POROSITY

Model simulations used to estimate the number of years of pumping required for each
capture zone (Table G) used total porosity instead of effective porosity. Debate exists in the
literature about whether solute transport models should use effective or total porosity. For
example, Freeze and Cherry (1979), Zheng et al. (1991), USEPA (1988), Domenico and
Schwarz (1990), Appelo and Postma (1993), and Schwarzenbach, Gschwend, and Imboden
(1993) all use the term porosity or a term equivalent to total porosity in their discussion of
retardation. Appelo and Postma (1993) discuss effective porosity in an early chapter of the
book, but do not use it in the discussion related to solute transport.

Knox et al. (1993) discuss a solute transport model that employs effective porosity. The
equation that defines the retardation factor in Knox et al. is identical to the equation used by
Freeze and Cherry (1979) except that Knox et al. used effective porosity. The approach selected
by Knox et al. was based upon the work of Javendel et al. (1984).

C-30



Parker and van Genuchten (1984), in their discussion of two site/two region non-
equilibrium models, separated the aqueous phase into mobile (dynamic or macro-porosity) and
immobile (stagnant or micro-porosity) regions. Each region was assigned a concentration; mass-
transfer coefficients were included in the model to describe mass exchange between the chemical
in the immobile region and that in the mobile region. The separation of the aqueous phase into
two different regions with dii'ferent chemical properties is a generally-accepted method to allow
use of both effective and total porosity in one model. However, the model identified by Knox
et al. (i.e., the Javendel et al. model) did not make such a distinction.

oCOO

If effective porosity is used for calculations, the models typically become more
complicated, because an additional source of chemical is derived from the immobile water. In
order to evaluate the sensitivity of the calculated number of years to achieve the cleanup goal,
to the selection of total or effective porosity, particle track simulations were recalculated using
an effective porosity of 0.15 (Yen, 1981); the results of the particle track simulations were
incorporated in PUMPH calculations to estimate the remediation time for Capture Zone D. The
time needed to achieve the cleanup goal was compared with the tune determined from the
simulation that used total porosity.

Because there was no method to verify the modifications, in the calculation for the
remediation time using effective porosity, the PUMPH code was not modified. Instead of
modifying PUMPH, values of input parameters were adjusted to include effective porosity,
instead of total porosity. The parameters that could be adjusted included flow rate (kflow),
equivalent soil concentration, and the p/n term.

Results of the particle tracking calculations using effective porosity indicated that steady-
state capture zones would be attained in approximately 1 year, instead of the 3 years when total
porosity was used. The first PUMPH simulation therefore only changed the value of kflOW from
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0.333 years"1 to 1.0 years"1. Results from the PUMPH simulations showed that the time to
achieve cleanup decreased from 650 to 450 years.

The next simulation increased the equivalent soil concentration of arsenic from 882 mg/L
to 2,235 mg/L. The value.of 2,235 mg/L was obtained by doubling the equivalent soil
concentration of arsenic and then adding 471 mg/L to the soil concentration. The additional 471
mg/L of arsenic represents the arsenic from the immobile water. The soil concentration was
doubled because the PUMPH model uses the concentration of arsenic in one liter of extractable
(or mobile) water as the reference state for other factors hi the model. The concentration of
arsenic in the one liter of mobile water was initially defined by a measured concentration; and
cannot be redefined until the simulation starts. In a PUMPH calculation that uses total porosity,
there are two "phases"; the water phase, which is equivalent to one liter of water, and the soil
phase which is equal to one liter times p/n. If p/n equals 5.2 gm/cm3, then the soil phase
weighs 5.2 kilograms. In a calculation that uses effective porosity there are three "phases"; the
mobile water phase, the immobile water phase, and the soil phase. The mobile water phase by
definition represents one liter of water. The effective porosity was assumed to be half of the
total porosity. Therefore, the volume of the immobile phase is equal to the volume of the
mobile phase and the two volumes sum to 2.0 liters. The one liter of mobile water is dispersed
over two liters of total porosity, and therefore, the mobile water must remove arsenic from twice
as much soil, and the equivalent concentration of arsenic in the soil must be doubled. The liter
of immobile water provides an additional source of arsenic to the model, so the additional
arsenic in the immobile phase was added to the soil phase. The immobile pore water was
assumed to be at the same concentration as the mobile water.

Using an arsenic concentration in soil of 2,235 mg/L, the remediation time increased to
an estimated value of 500 years. Finally, the two mass-transfer coefficients for k: were adjusted
to reflect a p/n value of 10.4 gm/cm3, a value that is two tunes higher than the original p/n of
5.2 gm/cm3 (see Equation 9). The final simulation to evaluate the effects of effective porosity
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on cleanup times included the faster flow rate, the elevated equivalent soil concentration, and
the modified rate constants. The final model estimated a time of 600 years, which is only
slightly less than the 650 years estimated using total porosity. The calculations indicate that the
faster flow rate offsets the increased equivalent soil concentration and any changes to the k:
values that effective porosity would produce. Neither of the k+ values were changed in the
calculations. Consequently, the models that employ total porosity are judged by HCI to be
appropriate.

COomO
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C-6.0 CONCLUSIONS

Based on the results presented in various sections of this appendix, the following
conclusions can be derived:

oCOo
O

Based upon the discussion presented in the verification section of this appendix,
HCI judges that the kinetic model has been verified and can be applied to the site-
specific circumstances at the Crystal Chemical site.
The sensitivity analyses demonstrate that if slow or low mass-transfer coefficients
are used in the model, the calculated remediation times are not sensitive to the
value of the distribution coefficient and flow rate.
The remediati.on times are not sensitive to the selection of effective or total
porosity.
For arsenic desorption, the calculated times to achieve a remediation goal are
highly sensitive to the value of the forward mass-transfer coefficient (k+).
Calculated times are particularly sensitive when slow mass-transfer coefficients
are used.
Detailed studio to determine the impact of including more complicated nonlinear
isotherms on the capture zone models are unnecessary. The current models
indicate that at: least 650 years are required to remediate the site. Use of alternate
models will only increase the times required.
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TABLE A
Data Sources Used to Estimate Distribution Coefficients (Kds)

Sample

CS-5

Bottle Roll
Experiments

MW-3

CS-2, CS-6

MW-2

CS-2

T4c

Tla

T5

T6

MW-5

Aqueous
Concentration

(mg/L)

19,800

408

363

11,000

623

9,560

1,070

238

306

320

504

Soil
Concentration

(rag/kg)

29,400

—

252

7,000

224

2,700

160

30.9

28.6

13.0

9

K*
(ml/g)

1 .5

0.76

0.69

0.64

0.36

0.28

0.16

0.13

0.09

0.04

0.018

Comments

From initial water concentration
(first available volume) and soil
analysis of leaching test
MW-20 water used in
experiments, average value of 6
measurements, see Table B
From Site Investigation Report
(D'Appolonia, 1984) Tables 5-3
(soil concentration) and 5-10
(ground-water concentration)
From initial water concentration
(first available volume) and soil
analysis of leaching test
From Site Investigation Report
(D'Appolonia, 1984) Tables 5-3
(soil concentration) and 5-10
(ground-water concentration)
From initial water concentration
(first available volume) and soil
analysis of leaching test
Temporary well and soil sample
collected Fall, 1994
Temporary well and soil sample
collected Fall, 1994
Temporary well and soil sample
collected Fail, 1994
Temporary well and soil sample
collected Fall, 1994
From Site Investigation Report
(D'Appolonia, 1984) Tables 5-3
(soil concentration) and 5-10
(ground-water concentration)

o
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TABLE B
Summary of Results from Bottle Roll Experiments
Used to Calculate Distribution Coefficients (Kds)

r-oCOo

C*C 7/r»C 7 AV*a-//l^Z>-/A

72 hours

120 hours

168 hours

CS-8A

72 hours

120 hours

168 hours

Arsjenic
Concentrations

(mg/L)

343
340
337
329
325
324
336
335
332

343
350
364
343
341
352
361
369
361

Average
Concentrations

«V

340.00

326.00

334.33

352.33

345.33

363.67

Kd,
(ml/g>

0.80

1 .01

0.88

0.63

0.73

0.49

Average Kj&
(ml/g>

0.90

0.62

(1) Calculations based on K. -
W

, where Cink = 408 mg/L,
C^ = equilibrium concentration, V = volume of water, W = weight of soil,
and V/W = 4.0.

(2) The final average Kd was 0.76 ml/g.



TABLE C

Number of Pore Volumes to Reach Concentration of 50
Using Equilibrium Models

oooroo

Sample
(1)

CS-5
Bottle Roll
Experiments
MW-3
CS-2, CS-6
MW-2
CS-2
T4c
Tla
T5
T6
MW-5

Kd(m!/g):(2)
1 .5

0.76

0.69
0.64
0.36
0.28
0.16
0.13
0.09
0.04
0.018

Retardation
Factor(1)

(3)
10.0
5.56
5. 14
4.84
3 . 16
2.70
1.96
1.78
1.54
1.24 .
1 . 1 1

Aquieous
Concentration

fog/L)..
(4)

19,800,000
408,000
363,000

11,000,000
623,000

9,560,000
1,070,000

238,000
306,000
320,000
504,000

Pore
Volumes®

(5)
130
50
46
60
30
33
20
15
14
11
10

Pore
Volumes01

(6)
123
46
42
54
25
27
14
11
9
6
4

(1) Retardation factors (R) calculated using R = 1 + p/n Kd, where p/n is assumed to have
a value of 6.0.

(2) Pore volumes (PV) estiimated using PV = -R In (50/Initial Concentration).
(3) Calculated assuming plug flow model.
Note: KjS in Column 2 were obtained from data listed on Table B.



TABLE D
Number of Years to Reach Concentration of 50 /ig/L

Sample

(1)
CS-5
Bottle Roll
Experiments
MW-3
CS-2, CS-6
MW-2
CS-2
T4c
Tla
T5
T6
MW-5

Ka(ml/g)

(2)
1 .5
0.76

0.69
0.64
0.36
0.28
0.16
0.13
0.09
0.04
0.018

Aqueous
Concentration

0*g/W

(3)
19,800,000

408,000

363,000
11,000,000

623,000
9,560,000
1,070,000

238,000
306,000
320,000
504,000

Equilibrium
Model(A)

Fore Volumes
(4)
130
50
46
60
30
33
20
15
14
11
10

Kinetic Model
Fast MT.C,

k+ = 6.9 year"1

k
year"1
(5)
62.1
3 1 .5
28.6
26.5
14.9
1 1 .6
6.6
5.4
3.7
1 .7
0.7

kfl<,w — 1.0year1
Years
(6)
131
52

47
61
31
34
20
16
14
11
10

Slow M.T.C.
k+ = 0.02 year'1

k'
year"1
(7)

0.18
0.09

0.083
0.077
0.043
0.034
0.019
0.016
0.011
0.005
0.002

k^ ~* 1-0
year4

Years
(8)
869
650
600
772
595
716
561
543
515
472
450

kftow ™ 2.0year'1

Years
L^ <9>

806
581

565
738
569
766
585
498
488
563
530

Notes:
M.T.C. = Mass transfer coefficients.
(A) The calculated values for the number of years is the same as Column 5 of Table C.
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TABLE E
Evaluation of Model to Different Mass-Transfer Coefficients01

k+(years'1)
k~(years"*)

1 Column No.
1 Time (Years)

FptM.T.C.
kflow = 1.0 years'1

13.8
63,0
(1)
51

6.9
31.5
(2)
52

3.45
15.75
(3)
53

SlqwM.T.C.
kfl̂  - 1.0 years'1

0.04
0.18
(4)
311

0,02
0.09
(5)
650

0.01
0.045
(6)

1160

know = 2.0 years'1

0.04
0.18
(7)
291

0.02
0,09
(8)
581

0.01
0.045
(9)
1171

M.T.C. = Mass-transfer coefficient.(1) The simulations where conditions from the bottle roll experiments were used, served as references for these comparisons.
See Table D for additional model conditions. The aqueous concentration was 408 mg/L.
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TABL
Summary of Cleanup Years Under Different Initial Distribution Coefficients and Soil Concentrations*1*

Parameters
for

SensitivityAnalyses

Bo
th 

So
il

C
onc

ent
rat

ion
an

dK
ds

SoO
C

onc
ent

rat
ion

O
nly

Kd
 V

alu
es O

nly
Simulation

A

B

C

D

E

F

G

H

I

Kds
(ml/gm)

W

1 .52

0.76

0.38

0.76

0.76

0.76

1 .52

0.76

0.38

Equivalent
JSoil

Concentration(mg/L)
(2)

3720

1860

930

3720

1860

930

1860

1860

1860

Fast M.T.C*
kflOW = 1.0 years4
k* 55 6.9 years"1

k" years"1
(3)/
63

31 .5

15.75

31.5

31.5

31 .5

63

31 .5

15.75

Years
(4)
93

52

31

55

52

49

87

52

33

Slow M.T.C.
kfl^-r* 1,0 years1
k+: » 0.02 years"?
k years"1
-v;^;? .

0.18

0.09

0.045

0.09

0.09

0.09

0.18

0.09

0.045

Years
(6)
640

650

580

621

650

547

601

650

616

W - 2.0 years'1
k* - 0,02 years'1

k^ years"1
(7)

n 1 Qv/. i.*j

0.09

0.045

0.09

0.09

0.09

0.18

0.09

0.045

Years
(8)
coc
+JJ1*}

581

608

618

581

547

557

581

586

MTC = Mass transfer coefficient.(1) The simulation where conditions from bottle roll experiments were used, served as references for these comparisons. See
Table D for additional model conditions. The aqueous concentration used in the calculation was 408 mg/L.
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TABx G *
Times to Achieve Remediation Goal Using Capture Zone Hybrid Model,

with Kd Equal to 3.6 ml/gm After 5 Pore Volumes, and Slow Mass Transfer Rates

Capture
Zone

A

TtMJ

c

D

E

F

G

H
I

Years/
Pore

YoluW11

3

a «_>. j

2.0

3.0

3.0

2.0

2.0

2.5
4

Well

T6
MW-23

40
T4c
T5

MW-27
MW-20

29
34

MW-2
16
22

T3b
MW-3
T2b
Tla

MW-1A
MW-1
MW-22
Tib

MW-30
6

Concentrationo<g(«;
316,000

28,000
185,000

1 mn AnnJ. ,U / V/,UUU

342,000
37,400

356,000
356,000
915,000
322,000

1,645
1,090,000

2,190
123,000
34,400

238,000
69,000

104,000
207,000
236,000

68,000
492

Average
Concentration

in Zone: o*g/L>
316,000

111 rvr\AJJA,,V/UW

542,000

471,000

2,190

78,700

171,000

68,000
492

Initial
K*(mi/graV2'

0.04 (T6)

f\ 1 £ 1T*A -,\\j. iu ̂ it^;

O.Ol8(MW-5)

0.36 (MW-2)

0.69 (MW-3)

0.69 (MW-3)

0. 13 (Tla)

0.13 (Tla)
0.36 (MW-2)

Equivalent
Soil

Concentration
(rag/L)*3!

66

i-rr^-/U

51

882

7.9

282

1 15

46
0.92

k" (years'1)
k+ = 6,9
years'1

1 .44

e IAJ. /»*

0.65

12.9

24.7

24.7

4.7

4.7
12.9

k+ - 0.02
years"1

0.37

/\ IT
U.J/

0.37

0.37

0.37

0.37

0.37

0.37
0.37

Years
Final

200

450

200

650

200

500

300

200
20

(1) know = I/years per pore volume.
(2) Location of Kd measurements given in parentheses.
(3) Equivalent Soil Concentration — initial Kd x p/n x average concentration, p/n was 5.2 gm/cm3.
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DEFDBL Y
CLS
2 PRINT "RUNGE-KUTTA NUMERICAL INTERGRATION"
3 PRINT "PROGRAM SOLVES ORDINARY DIFF EQNS"
4 PRINT "4TH ORDER METHOD FROM TOM ZAMIS CSM"
5 PRINT " THIS VERSION simulates the pumping of a partitioned contaminant'INPUT "enter a name for an input file ", M$
OPEN M$ FOR INPUT AS #3
6 INPUT "ENTER A NAME FOR AN OUTPUT FILE ", !ST$
7 OPEN N$ FOR OUTPUT AS #2
1 0 D I M D Y ( 6 ) , y ( 6 ) , K l (6 ) , K 2 ( 6 ) , K 3 ( 6 ) , K 4 ( 6 ) , YN(6)
11 DIM DV( IOO)
20 INPUT #3, N
22 INPUT #3, H, TF, HP24 INPUT #3, rl, r2, QP
r3 = QP
clnup = .05

29 PRINT
30 PRINT "TIME
PRINT #2,
70 T = 0

mo

/ CONCENTRATIONS "
r3

<> 0 THEN 300

= 0 THEN GOSUB 500

. 1 , . 9 , 2 . 0 0 0

rl, r2,
TP = DL

74 GOSUB 150
76 INPUT #3, NPRINT
77 C = 1
80 IF {NPRINT - C)
IF T > TF THEN 95
86 GOSUB 500
88 IF (NPRINT - C)

» GOSUB 300
89 REM DATA 2
90 REM DATA . 0 0 5 , 6 0 0 , 2 0
93 REM DATA
95 END
100 REM :SUBROUTINE DIFFERENTIAL EQUATIONS
IF y (2 ) < (.9 * clnup) THEN r3 = 0!: flagl$ = "off"
IF y (2 ) > ( 1 . 1 * clnup) THEN r3 = QP: flag2$ = "on"
102 DY { 1 ) = -rl * y(l) -f r2 * y (2)
104 DY(2) = rl * y(l) - y (2 ) * r2 - r3 * y (2 )
IF ((flagl$ = "off") AND (r3 = Q P ) ) THEN

flagl? = ""GOSUB 500
END IF
IF ( (f lag2$ = "on") AND (r3 = 0 ! ) ~ ) THEN

flag2$ = ""
GOSUB 500

END IF - - I
149 RETURN /
150 REM:SUBROUTINE INITIAL CONDITIONS
151 INPUT #3, y(l)
152 INPUT #3, y (2 )
GOTO 500
RETURN
197 GOSUB 100
199 RETURN
300 REM: MAIN PROGRAM RK4
302 FOR I = 1 TO N

= H * DY( I ) : YN(I) = y{I)
-f- H / 2: GOSUB 100

TO N
305 K1(I)
315 T = T
320 FOR I
325 K2 (I)

y(I) = y(I) + Kl(I) / 2: NEXT I
= 1

H * DY( I !
330 GOSUB 100
340 FOR I = 1 TO N
345 K3 ( I )
350 T = T
360 FOR I
365 K4(I )

y(I) = YN(I) + K2( I ) / 2: NEXT I

= H * DY( I ) : yd) = YN(I) + K3 (I) : NEXT I
+ H / 2: GOSUB 100
= 1 TO N
= H * DY(I )



370 y ( I ) = YN( I ) + (Kl CD
377 C * C + 1
380 GOTO 80
500 REM : SUBROUTINE PRIOT
515 PRINT T; r3 ; y( l) ; y (2)REM S$ = " ## . # # # # # # # »
520 PRINT #2, USING » # # . # # # # # #525 C = 1 ..
590 RETURN

2 ' * ~K2 ( 1} 2 * K3 { I ) + K4 ' o ; / 6: NEXT I

T; y ( 2 ) ; r3 ; y(l) ô—<o
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6
0
0
1
2
3
4
5
6
7
8
9

10
11
12
13
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

.6
. 0 0 0 0 0 0
. 9 9 4 9 9 9
. 9 9 0 0 2 2
. 9 8 5 0 4 4
. 9 8 0 0 6 7
. 9 7 5 0 9 0
.970113
. 9 6 5 1 3 6
. 9 6 0 1 5 8
. 9 5 4 9 9 9
. 9 4 9 8 3 2
. 9 4 4 6 6 5
. 9 3 9 4 9 8
. 9 3 4 3 3 1
. 9 2 9 1 6 4
. 9 4 9 1 6 1
. 9 3 8 9 9 4
. 9 3 3 8 2 7
. 9 2 9 0 1 4
.924227
. 9 1 9 4 3 9
.9 14652
. 9 0 9 8 6 4
. 9 0 5 0 7 7
. 9 0 0 2 9 0
.895502
.890715
. 8 8 5 9 2 7
.88 1 140
. 8 7 6 3 5 2

3 .5
% 3 0 6 . 0 0 0 0 0 0
% 158 . 34438 1
84
45
24
12

6
3
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

. 5 6 5 4 7 5

. 163161

. 1 1 9904

.88151 1

.879518

. 6 7 4 0 8 6

.962 188

. 0 4 7 9 2 9

. 5 5 9 6 5 8

. 2 9 8 8 9 2

. 159627
. 0 8 5 2 5 0
. 0 4 5 5 2 9
. 0 4 4 9 5 9
. 0 4 6 6 2 8
. 0 4 6 6 2 8
. 0 4 6 6 2 8
.046628
. 0 4 6 6 2 8
. 0 4 6 6 2 8
.046628
. 0 4 6 6 2 8
. 0 4 6 6 2 8
.046628
. 0 4 6 6 2 8
. 0 4 6 6 2 8
. 0 4 6 6 2 8
. 0 4 6 6 2 8

1.
1,
1.
1.
1.
1.
1.
1.
1.
1.
1.
1 .
1 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0.
0 .
0 .
0 .
0 .

1
1 . 0 0 0 0 0 0
1 . 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
000000
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
000000
000000
000000
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
000000
000000
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
000000
000000
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

49
26
14

7
4
21
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

% 165 . 0 0 0 0 0 0
9 2 . 8 3 7 4 4 5
. 53 1042
. 4 7 9 3 2 3
. 14 1 586
.552476
.033486
. 154130
. 1 50438
.6 14404
. 328 130
. 175241
.093590
. 0 4 9 9 8 3 «
. 0 2 6 6 9 4
. 0 2 6 3 5 9
. 0 2 4 7 2 7
.024727
.024727
.024727
.024727
.024727
.024727
.0247-27
.024727
.024727
. 0 2 4 7 2 7
. 0 2 4 7 2 7
. 0 2 4 7 2 7
. 0 2 4 7 2 7

rno
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4 PRINT
5 PRINT

DEFDBL Y
CLS
2 PRINT "RUNGE-KUTTA NUMERICAL INTERGRATION"

PRINT "PROGRAM SOLVES ORDINARY DIFF EQNS"
"4TH ORDER METHOD FROM TOM ZAMIS CSM"1 THIS VERSION simulates the pumping of a partitioned contaminant hybriINPUT "enter a name for an input file ", M$

OPEN M$ FOR INPUT AS #3
6 INPUT "ENTER A NAME FOR AN OUTPUT FILE ", N$
7 OPEN N$ FOR OUTPUT AS #2
10 D IM D Y ( 6 ) , y (6 ) , K l ( 6 ) , K 2 ( 6 ) , K 3 ( 6 ) , K 4 ( 6 ) , YN (6 )
11 DIM DV( IOO)
20 INPUT #3, N

H, TF, HP

mo

rl, r2, QP, r4, r5
05

CONCENTRATIONS'

'off

22 INPUT
24 INPUT #3,
r3 = QPclnup = ,

29 PRINT
30 PRINT "TIME
PRINT #2, rl, r2, r3
70 T = 0: TP = DL
74 GOSUB 150
76 INPUT #3, NPRINT
77 C = 1
80 IF (NPRINT - C) <> 0 THEN 300
IF T > TF THEN 95
86 GOSUB 500
88 IF {NPRINT - C) = 0 THEN GOSUB 500
GOSUB 300
89 REM DATA 2
90 REM DATA . 0 0 5 , 6 0 0 , 2 0
93 REM DATA . 1 , . 9 , 2 . 0 0 0
95 END
100 REM : SUBROUTINE DIFFERENTIAL EQUATIONS
IF T > (4! * 1 / (QP ) ) THEN rl = r4
IF T > {41 * 1 / (QP ) ) THEN r2 = r5
IF y (2 ) < (.9 * clnup) THEN r3 = 0!: flagl$ =
IF y (2) > ( 1 . 1 * clnup) THEN r3 = QP: flag2$ = "on"
102 DY(1 ) = -rl * y(l) + r2 * y (2)104 DY(2) = rl * yd) - y(2) * r2 - r3 * y(2)
IF ((flagl$ = "off") AND (r3 = QP ) ) THENflagl$ = ""

GOSUB 500
END IFIF ( ( f lag2$ =flag2$ = ""

GOSUB 500
END IF
149 RETURN
150 REM:SUBROUTINE INITIAL CONDITIONS151 INPUT #3, y(l)
152 INPUT #3, y {2 )
GOTO 500
RETURN
197 GOSUB 100
199 RETURN
300 REM: MAIN PROGRAM RK4
302 FOR I = 1 TO N* H * DY( I ) : YN(I ) = y{ I)

-t- H / 2: GOSUB 100
= 1 TO N

(I) = YN{ I )

•gn") AND (r3 = 0! THEN

305 Kid)
315 T = T
320 FOR I
325 K2 ( I ) H * DY( I )
330 GOSUB 100
340 FOR I = 1 TO N
345 K3 ( I ) = H * DY(I )

y(I) = y(l) + K1{ I ) / 2: NEXT I

+ K2( I ) / 2: NEXT I

350 T = T + H / 2: GOSUB 100
y(I) = YN(I) + K 3 ( I ) : NEXT I



360 FOR I = 1 TO N
365 K4 (I) = H * DY( I )
375
377 C = C + 1
380 GOTO 80
500 REM : SUBROUTINE PRINT
515 PRINT T; r3 ; y { l ) ; y (2) , rl
REM S$ = . » # # . # # # # # # # »
520 PRINT #2, USING " # # . # # # # # #
525 C = 1
590 RETURN

6: NEXT

COo
T; y { 2 ) ; r3 ; y( l ) ; rl
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6 . 6
0 . 0 0 0 0 0 0
0 . 9 9 4 9 9 9
1 . 990022
2 . 9 8 5 0 4 4
3 . 9 8 0 0 6 7
4 . 9 7 5 0 9 0
5 . 9 7 0 1 1 3
6 . 9 6 5 1 3 6
7 . 9 6 0 1 5 3
3 . 9 5 4 9 9 9
9 . 9 4 9 8 3 2

1 0 . 9 4 4 6 6 5
1 1 . 939498
1 2 . 9 3 4 3 3 1
1 3 . 9 2 9 1 6 4
1 4 . 9 2 3 9 9 7
1 5 . 9 1 8 8 3 0
16 .9 1401 1
1 7 . 9 0 9 2 2 4
1 8 . 9 0 4 4 3 6
1 9 . 8 9 9 6 4 9
2 0 . 8 9 4 8 6 1
2 1 . 890074
2 2 . 8 8 5 2 3 6
2 3 . 8 8 0 4 9 9
24.87571 1
2 5 . 8 7 0 9 2 4
2 6 . 8 6 6 1 3 7
27 .861349
2 8 . 8 5 6 5 6 2
2 9 . 8 5 1 7 7 4
3 0 . 8 4 6 9 8 7
3 1 . 8 4 2 1 9 9
3 2 . 8 3 6 7 7 3
3 3 . 8 3 1 2 2 6
3 4 . 8 2 5 6 8 0
3 5 . 8 2 0 1 3 3
3 6 . 8 1 4 5 3 7
3 7 . 8 0 9 0 4 0
3 8 . 8 0 3 4 9 3
3 9 . 7 9 7 9 4 7
4 0 . 7 9 2 4 0 0
4 1 . 7 8 6 8 5 4
4 2 . 7 8 1 3 0 7
4 3 . 7 7 5 7 6 1
4 4 . 7 7 0 2 1 4
4 5 . 7 6 4 6 6 8
4 6 . 7 5 9 1 2 1
47 .753574
4 8 . 7 4 8 0 2 8
4 9 . 7 4 2 4 8 1
5 0 . 7 3 6 9 3 5
5 1 . 7 3 1 3 8 8
5 2 . 7 2 5 8 4 2
5 3 . 7 2 0 2 9 5
5 4 . 7 1 4 7 4 8
5 5 . 7 0 9 2 0 2
5 6 . 7 0 3 6 5 5
57 .698 109
5 8 . 6 9 2 5 6 2
5 9 . 6 8 7 0 1 6
6 0 . 6 8 1 4 6 9
6 1 . 6 7 5 9 2 2
6 2 . 6 7 0 3 7 5
6 3 . 6 6 4 8 2 9

1 1 .2
% 4 7 1 . 0 0 0 0 0 0
% 4 0 6 . 6 2 6 2 8 4
V 3 6 0 . 1 3 5 0 3 9
% 3 1 3 . 9 5 9 3 2 8
% 2 8 2 . 4 9 1 4 0 4
% 2 5 0 . 1 9 3 0 0 7
V 2 2 1 . 5 8 7 4 1 8
% 1 9 6 . 2 5 2 4 2 3
V 1 7 3 . 8 1 4 0 8 1
% 153 .941207
% 1 3 6 . 3 4 0 4 7 9
% 120 .752 1 15
% 106 .946032
7 8 . 0 9 7 6 1 5 0
5 8 . 1 2 0 1 7 5
45 .006058
3 6 . 3 0 7 7 7 2
3 0 . 4 5 4 0 . 1 7
2 6 . 4 3 5 8 9 2
2 3 . 6 0 5 4 7 6
2 1 . 546 .560
1 9 . 9 9 1 6 6 5
18 .768792
1 7 . 7 6 7 2 3 0
1 6 . 9 1 5 6 2 3
16.16788.1
1 5 . 4 9 4 1 4 5
1 4 . 8 7 4 9 8 2
14 .297661
1 3 . 7 5 3 7 6 0
1 3 . 2 3 7 6 3 7
1 2 . 7 4 5 4 3 8
12 .274467
1 1 . 822780
1 1 . 388922
10 .971760
1 0 . 5 7 0 3 7 5
1 0 . 1 8 3 9 9 5

9 .8 1 1942
9 . 4 5 3 6 1 4
9 . 1 0 8 4 5 6
8 . 7 7 5 9 5 4
8 . 4 5 5 6 2 5
8 . 14701 1
7 . 8 4 9 6 7 5
7 . 5 6 3 1 9 9
7 . 2 8 7 1 8 5
7 . 0 2 1 2 4 7
6.765017
6 .5 . 18 139
6 . 2 8 0 2 7 2
6 .05 1085
5 . 3 3 0 2 6 3
5 . 6 1 7 5 0 0
5 .4 1250 1
5 . 2 1 4 9 8 3
5 . 0 2 4 6 7 3
4 . 8 4 1 3 0 9
4 .664636
4 . 4 9 4 4 1 0
4 , 3 3 0 3 9 6
4 . 172367
4 . 0 2 0 1 0 5
3 . 8 7 3 4 0 1
3 , 7 3 2 0 4 9

.333T
0 . 3 3 3 0 0 0 % 7 8 2 . 0 0 0 0 0 0
0 . 3 3 3 0 0 0 % 7 0 3 . 0 3 0 6 2 2
0 . 3 3 3 0 0 0 %622 .650258
0 . 3 3 3 0 0 0 % 5 5 1 . 4 6 0 1 0 9
0 . 3 3 3 0 0 0 % 4 8 8 . 4 0 9 4 2 0
0 . 3 3 3 0 0 0 % 4 3 2 . 5 6 7 5 7 5
0 . 3 3 3 0 0 0 % 3 8 3 . 1 1 0 3 5 6
0 . 3 3 3 0 0 0 % 3 3 9 . 3 0 7 7 8 3
0 . 3 3 3 0 0 0 % 3 0 0 . 5 1 3 3 3 7
0 . 3 3 3 0 0 0 %266. 154419
0 , 3 3 3 0 0 0 % 2 3 5 . 7 2 3 8 9 7
0 . 3 3 3 0 0 0 % 2 0 8 . 7 7 2 6 2 0
0 . 3 3 3 0 0 0 % 184 .902793

. 3 3 3 Q O O % 183 . 182141

. 3 3 3 0 0 0 % 1 8 0 . 8 2 6 3 7 2
. 3 3 3 0 0 0 V177 .006091
. 3 3 3 0 0 0 % 1 7 2 . 3 3 0 0 5 6
. 3 3 3 0 0 0 % 1 6 7 . 1 8 5 9 2 0
. 3 3 3 0 0 0 % 16 1 .8 19534
. 3 3 3 0 0 0 % 1 5 6 . 3 8 5 8 4 5
. 3 3 3 0 0 0 % 1 5 0 . 9 8 1 5 5 2
. 3 3 3 0 0 0 % 145 .666074
.333000 % 140.474994
. 3 3 3 0 0 0 % 1 3 5 . 4 2 8 6 9 3
. 3 3 3 0 0 0 % 1 3 0 . 5 3 7 8 8 2
.333000 %125.807154
. 3 3 3 0 0 0 % 1 -2 1 . 237254
. 3 3 3 0 0 0 £ 1 1 6 .826544
.333000 %1 12 .571928
, 3 3 3 0 0 0 % 1 0 8 . 4 6 9 4 5 4
. 3 3 3 0 0 0 % 104 .5 14686 '
. 3 3 3 0 0 0 % 1 0 0 . 7 0 2 9 5 3
. 3 3 3 0 0 0 9 7 . 0 2 9 4 9 5
. 3 3 3 0 0 0 9 3 . 4 8 9 5 6 2
. 3 3 3 0 0 0 9 0 . 0 7 8 4 7 1
. 3 3 3 0 0 0 86.791642
. 3 3 3 0 0 0 8 3 . 6 2 4 6 1 9
. 3 3 3 0 0 0 8 0 . 5 7 3 0 8 0
. 3 3 3 0 0 0 '77 .632842
. 3 3 3 0 0 0 7 4 . 7 9 9 8 6 5
. 3 3 3 0 0 0 7 2 . 0 7 0 2 4 8
. 3 3 3 0 0 0 6 9 . 4 4 0 2 2 6
. 3 3 3 0 0 0 6 6 . 9 0 6 1 7 2
. 3 3 3 0 0 0 6 4 . 4 6 4 5 8 7
. 3 3 3 0 0 0 62 . 1 12098
. 3 3 3 0 0 0 5 9 . 8 4 5 4 5 5
3 3 3 0 0 0 5 7 . 6 5 1 5 2 7
3 3 3 0 0 0 5 5 . 5 5 7 2 9 6
333000 5 3 . 5 2 9 8 5 3
3 3 3 0 0 0 5 1 . 5 7 6 3 9 7
3 3 3 0 0 0 4 9 . 6 9 4 2 2 8
333000 47 .880744
3 3 3 0 0 0 4 6 . 1 3 3 4 4 0
3 3 3 0 0 0 4 4 . 4 4 9 8 9 9
3 3 3 0 0 0 4 2 . 8 2 7 7 9 6
3 3 3 0 0 0 4 1 . 2 6 4 8 8 8
3 3 3 0 0 0 3 9 . 7 5 9 0 1 5
3 3 3 0 0 0 3 8 . 3 0 8 0 9 5
333000 36 .9 10 124
3 3 3 0 0 0 3 5 . 5 6 3 1 6 8
3 3 3 0 0 0 3 4 . 2 6 5 3 6 7
333000 3 3 . 0 1 4 9 2 6
3 3 3 0 0 0 31 .8101 17
3 3 3 0 0 0 3 0 . 6 4 9 2 7 5
333000 2 9 . 5 3 0 7 9 6

6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 .600000
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0
6 . 6 0 0 0 0 0

0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0

0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 , 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0

O
1—HO



6 4 . 5 6 0 2 8 6 3\
6 5 . 6 5 6 2 5 8 3 .
6 6 - 6 5 2 2 2 9 3 .
6 7 . 6 4 8 2 0 1 3 .
6 8 . 6 4 4 1 7 3 3 .
6 9 . 6 4 0 1 4 4 2 .
7 0 . 6 3 6 1 1 6 2 .
7 1 . 6 3 2 0 8 8 2 .
7 2 . 6 2 8 0 5 9 2 .
7 3 . 6 2 4 0 3 1 2 .
7 4 . 6 2 0 0 0 3 2 .
75 .6 15974 2 .
7 6 . 6 1 1 9 4 6 2 .
7 7 . 6 0 7 9 1 8 2 .
7 8 . 6 0 3 8 8 9 2 .
7 9 . 5 9 9 8 6 1 2 .
8 0 . 5 9 5 8 3 3 1 .
8 1 . 5 9 1 8 0 5 1 .
82 .587776 1 .
8 3 . 5 8 3 7 4 8 1 .
8 4 . 5 7 9 7 2 0 1 .
8 5 . 5 7 5 6 9 1 1 .
8 6 . 5 7 1 6 6 3 1 .
3 7 . 5 6 7 6 3 5 1 .
8 8 . 5 6 3 6 0 6 1 .
89 .559578 1 .
9 0 . 5 5 5 5 5 0 1 .
9 1 .55 152 1 1 .
9 2 . 5 4 7 4 9 3 1 .
9 3 . 5 4 3 4 6 5 1 .
9 4 . 5 3 9 4 3 6 1 .
9 5 . 5 3 5 4 0 8 1 .
9 6 . 5 3 1 3 8 0 1 ,
9 7 . 5 2 7 3 5 1 1 .
9 8 . 5 2 3 3 2 3 1 .
99 .5 19295 0 .
& 1 0 0 . 5 1 5 2 6 6
£ 10 1 .5 1 1238
% 1 0 2 . 5 0 7 2 1 0
% 103 .503 18 1
%10.4. 499153
% 105 .495 125
% 106 .491096
V 1 0 7 . 4 8 7 0 6 8
% 1 0 8 . 4 8 3 0 4 0
V 109 .4790 12
% 1 1 0 . 4 7 4 9 8 3
% 1 1 1 . 470955
% 1 1 2 .466927
% 1 13 .462898
% 1 1 4 . 4 5 8 8 7 0
% 1 1 5 .454842
% 1 1 6 . 4 5 0 8 1 3
% 1 17 .446785
% 1 13 .442757
V 1 1 9 . 4 3 8 7 2 8
V120 .434700
% 1 2 1 . 4 3 0 6 7 2
% 1 2 2 . 4 2 6 6 4 3
% 123 .422615
% 1 2 4 . 4 1 8 5 8 7
% 1 2 5 . 4 1 4 5 5 8
% 1 2 6 . 4 1 0 5 3 0
% 127 .406502
% 1 2 8 . 4 0 2 4 6 6
% 1 2 9 . 3 9 8 4 3 8

5 9 5 8 5 6
464633
338 199
216378
099004
985912
876948
771960
670803
5 7 3 3 3 8
479429
383948
301768
217770
136838
0 5 8 8 5 8
9 8 3 7 2 5
91 1333
841583
774378
709626
647237
587125
5 2 9 2 0 6
473401
419632
367826
317910
269816
2 2 3 4 7 7
178828
135810
094361
054424
015945
978871
0 . 9 4 3 1 4 9
0 . 9 0 8 7 3 1
0 . 8 7 5 5 6 9

843617
812331
783 168
754588
727051
700519
674955

0 . 6 5 0 3 2 4
0 . 6 2 6 5 9 2

603726
581694
560456
540013
520307
501319
4 8 3 0 2 5

0 . 4 6 5 3 9 3
0 .448414

4 3 2 0 5 0
4 16283
401092
3 8 6 4 5 5
372352
358764
345S72
3 3 3 0 5 7

0 . 3 2 0 9 0 3

. 3 3 3 0 0 0 2 8
, 3 3 3 0 0 0 27
, 3 3 3 0 0 0 2 6
, 3 3 3 0 0 0 2 5
, 3 3 3 0 0 0 24
, 3 3 3 0 0 0 2 3
, 3 3 3 0 0 0 2 2
, 3 3 3 0 0 0 _ 2 1
, 3 3 3 0 0 0 21
3 3 3 0 0 0 20

. 3 3 3 0 0 0 19
333000 18
3 3 3 0 0 0 18
3 3 3 0 0 0 17
3 3 3 0 0 0 16
3 3 3 0 0 0 16
3 3 3 0 0 0 15
3 3 3 0 0 0 15
333000 14
3 3 3 0 0 0 14
3 3 3 0 0 0 13
3 3 3 0 0 0 13
3 3 3 0 0 0 12
3 3 3 0 0 0 12
3 3 3 0 0 0 1 1
333000 11
3 3 3 0 0 0 10
3 3 3 0 0 0 10
333000 10
3 3 3 0 0 0
3 3 3 0 0 0
3 3 3 0 0 0
333000
3 3 3 0 0 0
3 3 3 0 0 0
333000
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 . 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0
0 . 3 3 3 Q O O
0 . 3 3 3 0 0 0
0 . 3 3 3 0 0 0

. 4 5 3 1 3 3

.4 14798
. 4 1 4 3 5 4
. 4 5 0 4 1 9
. 52 1660
. 526795
. 7 6 4 5 8 6
. 9 3 3 3 4 2
. 133413
. 3 6 2 1 9 5
.619120
.903163
. 2 1 3 3 3 2
. 5 4 8 6 7 6
, 9 0 8 2 7 5
.29 1244
. 6 9 6 7 3 0
. 123912
.571997
. 0 4 0 2 2 3
. 5 2 7 8 5 6
. 0 3 4 1 8 6
. 5 5 8 5 3 1
. 100235
. 658663
.233205
. 8 2 3 2 7 3
. 4 2 8 3 0 1
.047743
. 6 3 1 0 7 2
.327782
. 9 8 7 3 8 5
.659409
. 3 4 3 4 0 3
.038928
.745565
7 . 4 6 2 9 0 7
7 . 1 9 0 5 6 5
6 . 9 2 8 1 6 0
6 . 6 7 5 3 3 2
6 .43 1730
6 , 197018
5 .970871
5 .752977
5 . 5 4 3 0 3 5
5 . 3 4 0 7 5 3
5 . . 145854
4 . 9 5 8 0 6 7
4 .777 133
4 .602802
4 . 4 3 4 8 3 3
4 . 2 7 2 9 9 3
4 . 1 17059
3 . 9 6 6 8 1 6
3 . 8 2 2 0 5 6
3 . 6 8 2 5 7 3
3 .548 190
3 . 4 1 8 7 0 7
3 . 2 9 3 9 4 8
3- 173743
3 , 0 5 7 9 2 4
2 . 9 4 6 3 3 2
2 .838812
2 .7352 15
2 , 6 3 5 3 9 9
2 . 5 3 9 2 2 6

. 0 5 0 0 0 0

. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
.050000
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
.050000
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
.050000
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
. 0 5 0 0 0 0
.050000

0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 , 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0
0 . 0 5 0 0 0 0

o
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00

% 130 . 3 9 4 4 0 9
% 13 1 . 3 9 0 3 8 1
% 132 . 386353
% 133 . 3 8 2 3 2 4
% 1 3 4 . 3 7 8 2 9 6
% 135 . 374268
% 136 . 3 7 0 2 3 9
% 137 . 36621 1
% 138. 362183
% 1 3 9 . 358 154
% 1 4 0 . 354 126
%141. 3 5 0 0 9 8
% 142 . 3 4 6 0 6 9
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INTRODUCTION CO
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Column teaching, column adsorption/desorption, and batch distribution coefficient (Kd) studies of
arsenic-contaminated soils were conducted by Hazen Research, Inc. for Southern Pacific Lines. The
purpose of this project was to examine the leaching properties of arsenic-contaminated soils and the
arsenic adsorption/desorption characteristics of native soils at the Crystal Chemical site in Houston,
Texas. Work under this project was divided into four tasks. Both contaminated and
uncontaminated soils and groundwaters were characterized in Task 1. During Task 2, upflow
column tests were conducted in accordance with ASTM Method D4874-89 to evaluate the arsenic
leaching characteristics of selected arsenic-contaminated soils from the Crystal Chemical site. In
Task 3, a series of upflow column adsorption/desorption tests were conducted on uncontaminated
native soil to provide information for the derivation of distribution coefficients and retardation
values for differentiating arsenic compounds. Batch tests were conducted under Task 4 to measure
the time required for arsenic adsorption to reach equilibrium.

Hazen Research, Inc.



TASK I. GROUNDWATER AND SOIL CHARACTERIZATION
r--
<T1eno

GROUNDWATER CHARACTERIZATION

Groundwater samples from the Crystal Chemical site were sent to Hazen in two 30-gaUon plastic
drums. One drum contained uncontaminated groundwater from Monitoring Well 12 (MW-12); the
other was filled with contaminated groundwater from Monitoring Well 20 (MW-20). The drums
were fitted with an inert gas bleed system to maintain a nonoxidizing nitrogen atmosphere.

Aliquots from each groundwater sample were taken, and a portion of each aliquot was vacuum
filtered through a 0.4-micro:n membrane filter. A summary of the characterization of the filtered
and unfiltered samples is provided in Table 1.

With the exception of arsenic, all analyses were performed at Hazen. The total arsenic analyses
were determined by inductively coupled plasma (ICP) at Barringer Laboratories (Denver, Colorado).
Ameritech Laboratories (Flushing, New York) determined the speciation of arsenic compounds in
the contaminated groundwator by high-performance liquid chromatography (HPLC).

The ICP analysis of contammated groundwater from MW-20 revealed a total arsenic concentration
of 408 parts per million (ppm) in both filtered and unfiltered aliquots. The calculated arsenic
concentration from the speciation analysis, however, indicates a higher total arsenic level of 464
ppm. This trend of higher calculated total arsenic levels from the speciated arsenic analyses has
been observed previously by the client during routine groundwater sampling at the Crystal Chemical
facility.

Task 5 of this project involved a series of spike-recovery tests. These tests were conducted to
qualify the ICP and HPLC analytical procedures for arsenic analyses of solutions containing
inorganic and organic-arsenic compounds. Task 5 was initiated toward the end of the project when
extreme variations were noted between the ICP and HPLC analytical results.

The results of this series of tests indicate that the ICP analytical procedure provided excellent
recovery of both inorganic and organic-arsenic compounds. The HPLC procedure, however, was
found to be inaccurate for the identification of arsenic-containing components. The tests also
indicated no confidence in calculated total arsenic levels from the HPLC speciation results.

Hazen Research, inc.



Table 1. Chemical Analysis of Ground water Samples MW-12 and MW-20 oo

Analyte

Cations
Calcium, ppm
Magnesium, ppm
Potassium, ppm
Sodium, ppm
Iron, ppm

Arsenic
Total Arsenic, ppm
Arsenite, as ppm arsenic
Arsenate, as ppm arsenic
Methyl Arsenic Acid (MMA), as ppm arsenic
Cacodylic Acid (DMA), as ppm arsenic

Airions
Chloride, ppm
Sulfate, ppm
Nitrate, ppm
Nitrite, ppm

Alkalinity
HCO3, as ppm CaCO3CO3, as ppm CaCO3Total Dissolved Solids, ppm

Total Suspended Solids, ppm
Total Organic Carbon, ppm
pH
Specific Conductance, umhos/cm
Dissolved Oxygen, ppm
Redox Potential, mV

Uncontaminated
Ground water

MW-12
Filtered

129
43.7
0.83
168

0.02

»
~
-
~
--

Unfiitered

133
45.4
0.75
174

0.02

0.004
—
--

•
~

297
129
<0.3
<o.oi
312
<5
956
<5
64
7.2
633
2

360

Contaminated
Groundwater

MW-20
Filtered

598
190

1.66
601
0.96

408
—
—
—
—

Unfiitered

599
189
1 .51
599

0.94

408
23.6
56.7

368.1
15.8

1,330
555
<0.3

<0.01

405
<5

5,000
28
91
6.8

6,820
3

141

o
l-HO

Although the HPLC results are presented in this report, it should be emphasized that the validity
of speciation data is extremdy suspect. Indeed, no conclusions or recommendations should be
based either solely or partially on the speciation data. The total arsenic analysis by ICP is the most
reliable indication of arsenic content in the solids and effluent solutions.

Hazen Research, Inc.



CONTAMINATED SOIL CHARACTERIZATION

Nine core samples of contaminated soil from beneath Crystal Chemical Holding Ponds 1 and 2 were
shipped to Hazen in 3.5-inch-diameter, 30-inch-length plastic Sheiby tubes. The client selected the
four soils identified in Table 2 for characterization and column leaching studies.

ONCOCOo1—(o

Table 2. Contaminated Soils Used in HRI Project 8273

Crystal Chemical Soil Sample LD.
CS-2 (5 to 7.5 FeetT

Location
Pond 2

CS-6 (5 to 7.5 Feet) Pond 2
CS-2 ( 1 1 .5 to 13.5 Feet) Pond 2
CS-5 (4 to 6 Feet) Pond 1

Geotechnical Analysis

Four-inch sections from the bottom of Sheiby Tubes CS-2 (5 to 7.5 feet) and CS-2 (11.5 to 13.5
feet) were removed for triaxial permeability (ASTM 5084) and geotechnical analysis. Table 3
summarizes the results of the geotechnicai analysis performed by Advanced Terra Testing, Inc.
(Lakewood, Colorado). The geotechnical report, including grain size distribution and permeability
test parameters, is provided in Appendix A.

Table 3. Geotechnical Analysis of Contaminated Soil Samples

Moisture Content, %
CS-2 (5 to 7.5 Feet)

28.6
CS-2 (11.5 to 13.5 Feet)T5T

Wet Density, Ib/ft3 122.2 119.2
Dry Density, Ib/ft3 95 104.7
Effective Porosity, % 46.04 35.25
Permeability k, cm/s; 9.4E-09 1.6E-07

Hazen Research, Inc.



Sample Preparation

Contaminated soil samples were removed from the Shelby tubes with a clean stainless steel spoon
and sized through a 3/8-inch stainless steel screen. Particles coarser than 3/8 inch were sealed in
bags and excluded from the tests. The minus 3/8-inch fractions were placed in 48.5-liter
Rubbermaid plastic boxes and a split of each sample was air dried at 45°C for 24 hours in a
Despatch oven for analysis. A composite sample was prepared from Core Samples CS-2 (5 to 7.5
feet) and CS-6 (5 to 7.5 feet). Table 4 summarizes the chemical composition of the air-dried
contaminated soils.

Core Sample CS-5 (4 to 6 feet) was obtained from beneath Holding Pond 1. The bed filler in this
pond is known to contains lime-stabilized solids. The high alkalinity and calcium in this core
sample is most likely due to entrained calcium oxide. This sample also contained the highest
concentrations of total arsenic and organic carbon.

The presence of nitrite in CS-5 and CS-2/CS-6 samples indicates reducing conditions in these soils.

The ICP total arsenic levels in the core samples ranged from 2,700 ppm in CS-2 ( 1 1 .5 to 13.5 feet)
to 29,400 ppm in CS-5 (4 to 6 feet). CS-2/CS-6 (5 to 7.5 feet) contained 7,000 ppm ICP total
arsenic.

The Tamms acid oxalate (TAG) procedure was used to determine the amount of amorphous iron
and amorphous aluminum in the soil. In this test, five grams (g) of air-dried soil were mixed with
200 milliJiters (ml) of 0.2 molar (M) ammonium oxalate, buffered to pH 3.0 with oxalic acid. The
solutions were shaken in the (iark for four hours, vacuum filtered, and the filtrate analyzed for iron
and aluminum.

COO

UNCONTAMINATED SOIL CHARACTERIZATION

Three samples of uncontaminated soils were characterized in this project. The soils were taken
from the 15- and 35-foot uncontaminated zones at the Crystal Chemical site. Samples CS-7 and
CS-7a from the 12.5- to 23-foot uncontaminated zone were sent to Hazen in two Shelby tubes.
Sample CS-8a from the 34- to 38-foot zone was shipped in two five-gallon plastic buckets. Upon
receipt at Hazen, standing water was decanted off and the soils were sized through a 3/8-inch
screen. Material coarser than 3/8 inch was excluded from the tests. The minus 3/8-inch

Hazen Research, Inc.



Table 4. Analysis of Air-dried Contaminated Soil mo

Analyte

Moisture, g H2O/g solids
Cations

Iron, %
Amorphous Iron, %
Potassium, %
Magnesium, %
Sodium, %
Calcium, %
Amorphous Aluminum, %

Arsenic
Total Arsenic, ppm
Arsenite, as ppm arsenic
Arsenate, as ppm arsenic
MMA, as ppm arsenic
DMA, as ppm arsenic

Anions
Sulfate, %
H2O-soluble Chloride, %
Nitrate, mg N/kg soil
Nitrite, mg N/kg soil

Alkalinity
HCO3, %
CO3t %

Organic Carbon, %

CS-2
(11.5 to 13.5 Feet)

0.13

1.54
0.14
0.80
0.35
0.78
1.00
0.14

2,700
332
797
775
56

0.26
0.23
<50
<0.7

0.31
0.0

0.06

CS-5
(4 to 6 Feet)

0.43

1.88
0.60
0.48
0.79
2.85
11.70
0.50

29,400
5,682
16,363
8,850
380

1. 14
1.33
<50
5.3

0.17
3.27
0.66

n^BB^D^̂ EBEHHnni

CS-2/CS-6
(5 to 7.5 Feet)

0.26

2.13
0.22
0.71
0.53
1.45
1.43
0.30

7,000
2,040
4,897
3,178
137

0.20
0.33
<50
3.0

0.61
.94

0.05
BMBBMUHmBJHHUHraB^BHWPi

fractions were stored in 48.5-Hter Rubbermaid plastic boxes, and a split of the minus 3/8-inch
fraction was air dried at 45°C and submitted for analyses. A summary of the soil characterization
is provided in Table 5.
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Table 5. Analysis of Unc on laminated Soil

Analyte

Moisture, g H20/g solids
Cations

Iron, %
Amorphous Iron, %
Potassium, %
Magnesium, %
Sodium, %
Calcium,
Amorphous Aluminum, %

Total Arsenic, ppm
Anions

Sulfate, %
Chloride,
Nitrate, mg N/kg soil

Alkalinity
HCO3,
CO,,

Organic Carbon, %

CS-7/CS-7a
(12,5 to 23 Feet)

IBMHl
0.15

0.525
0.20

0.512
0.087
0.148
<0.2
0.04
4.4

0.04
0.03

0.06
0.0

0.02

CS-8a
(34 to 38 Feet)

0.19

0.766
0.08
0.835
0.142
0.439
0.70
0.04
4.1

<0.01
0.03

0.13
0.0

<0.01

mo
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TASK 2. COLUMN LEACHING TESTS
en^-mo

Column leaching tests were conducted to provide information on the mass of arsenic that is released
from the Crystal Chemical pond fill material to the groundwater during successive pore flushings.
The columns were operated in an upflow mode to limit channeling through the packed beds in
accordance with ASTM D 4874-89, Standard Test Method for Leaching Solid Waste in a Column
Apparatus. The ASTM test procedure and equipment description are provided in Appendix B. A
series of three soil column tests was conducted using contaminated soil samples from beneath Ponds
I and 2. The soils were leached with uncontaminated, unfiltered groundwater from MW-12 in four-
inch-diameter columns.

Leaching columns were manufactured out of 12-inch sections of cast acrylic tubing with a four-inch
inner diameter. End plates were constructed of eight by eight-inch pieces of 3/4-inch-thick
polyvinyl chloride. A circular groove was machined in each end plate to accommodate a gasket
and four-inch column. A 3/8-inch stainless steel compression fitting was placed in the center of
the outside surface of each face plate. A 1/4-inch-thick, porous polyethylene flow distribution disk
(70 microns nominal pour sixe) was placed inside the column at each end of the columns. The end
plates were attached to the cylinder by eight 1/4-inch threaded rods.

Pressure reservoirs contained the groundwater feed and provided a pressure gradient for flow
through the packed columns. These pressure reservoirs were identical to the leaching columns
described above, with the exception of the distribution disks.

Prior to the start of each leaching test, the moisture levels of the contaminated soils were adjusted
to target values by drying the soils in a Despatch oven or adding uncontaminated groundwater from
MW-12. The target moisture levels for the soils were 9% for CS-2 ( 1 1 .5 to 13.5 feet), 27% for
CS-2/CS-6 (5 to 7.5 feet), arid 47% for CS-5 (4 to 6 feet). The target moisture levels, densities,
and specific gravities of the soils were provided by Industrial Compliance (1C).

Before packing with contaminated soil, the column assemblies were cleaned with an Alconox
solution, rinsed with a 20% nitric acid solution, and triple rinsed with deionized water. The weights
of the dried, empty columns, including end caps and other fittings, were determined. The
contaminated soils were compacted into the columns in five equal layers. Soils were compacted
with a four-inch disk by hammering until target densities were achieved. A summary of the

Hazen Research, Inc.



compacted soil properties and expected void volumes for each column is provided in Table 6. Feed
water reservoirs were identified as Columns L 3. and 5. Columns 2, 4, and 6 contained soil.

rno

Table 6. Compacted Contaminated Soil Properties
and Calculated Void Volume

Category
Column No.
Pond No.
Depth, feet
Target Wet Density, Lb/ft3
Actual Unit Wet Density, Ib/ft3
Actual Unit Wet Density, g/ml
Target Dry Density, Ib/ft3
Unit Dry Density, Ib/ft3
Unit Dry Density, g/ml
Empty Column Volume, ml
Mass Soil in Packed Column, g
Moisture, g H2O/g dry solids
Specific Gravity of Dry Soil
Void Volumes, ml

Soil Sample
CS-2

2
2

11.5 - 13.5
1 17
120
1.93
107
1 10
1.76

2,213
4,273
0.09
2.72
776

CS-5
4
1

4 - 6
107
106
1.68
73
72
1.15

2,141
3,612
0.47
2.60
1,193

CS-2/CS-6
6
2

5 -7 .5
108
107
1.72
85
84

1.34
2,355
4,053
0.27
2.75
1,195

The void volumes (W) of the packed columns were calculated using the relationship provided in
the ASTM 4874-89 method description:

W = Vc- [ M/((l+w) x S x D)]
where:

VV = void volume in the column in cubic centimeters (cm3)
Vc = the volume of the of the empty column in cm3

M = as-packed weight of the waste in grams
w = moisture content of the waste as grams water per gram (g H2O/g) solids
S = specific gravity of the waste
D = density of the water in g/cm3

Hazen Research, Inc.
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After being packed with soil, the columns were degassed under vacuum and saturated with degassed
MW-I2 uncontaminated groundwater, which was fed to the bottom port of the columns. The
columns remained under vacuum until effluent began to flow from the upper column port. The
pressure levels in the groundwater reservoir vessels were then adjusted to achieve a flow rate of
I VV per day. Effluent collected during the saturation of each column was combined with the
initial VV.

o
t-Ho

COLUMN 2, CORE SAMPLE CS-2 (11.5 TO 13.5 FEET)

Column 2 was packed with soil from Core Sample CS-2 (11 .5 to 13.5 feet). The soil was dried
in a Despatch oven overnight to remove excess moisture, as the moisture content of the screened
soil (0.13 g H2O/g solids) was higher than the target level of 0.09 g H2O/g solids. When removed
from the Despatch oven, the soil had a moisture content of 0 .01 1 g H2O/g solids. The moisture
content of 4.14 kilograms (kg) of air-dried soil was then increased to 0.09 g H2O/g solids with 334
g water. The soil was then compacted into the column assembly. Although attempts were made
to pack the column in five equal layers, a 3/4-inch space remained at the top of the column after
compaction of the soil. This void space was filled with three I/4-inch thick, porous polyethylene
distribution disks (70 microns nominal pore size).

The packed soil in Column 2 was degassed under a vacuum of 20 inches of mercury for 15
minutes. The vacuum pump was connected to the exit port on top of the packed column. While
still under vacuum, the soil was saturated by feeding uncontaminated groundwater from MW-12
to the bottom of the column at pressures ranging from 20 to 45 pounds per square inch gauge
(psig). The groundwater feed was prepared by degassing under a vacuum of 20 inches mercury
prior to charging the vapor space of the reservoir with 20 psig nitrogen. After approximately ten
hours, the column became saturated with 210 ml of uncontaminated groundwater and the vacuum
was removed. Effluent from the column was collected in a nitrogen-purged 2.5-liter glass bottle.

The Column 2 leaching study was started on February 25, 1994, and ended on August 22, 1994,
with only 1.69 VV of effluent collected during the course of the study. The low permeability of
the soil prevented system operation at the recommended flow rate of 1 VV per day. Head pressure
was set at the maximum safe operating level of 55 psig during the test. Samples of a yellow-
colored leachate from Column 2 were collected on March 28 (0.6 VV), June 3 (1 .3 VV), and
August 22 ( 1 .7 VV).

An aliquot of each leachate sample was analyzed for total arsenic content (ICP), pH level, redox
potential (EMF), dissolved oxygen (DO), and specific conductance (Sp Cd). An aliquot of the 1.3
VV sample was also analyzed for total organic carbon (TOC), total dissolved solids (TDS), and
total suspended solids (TSS). Table 7 summarizes the results of the leachate analyses.
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Table?. Properties of Leachate from Leaching Column 2 and Column 6

Properties of Leaching Column #2, Core Sample CS-2 (11.5 to 13.5 Feet)
Date

3/2*04
6/3/94
8/2204

Leachate
Sample, g

499
499
316

Total
Leachate, g

499
998
1314

W
Leachate

0.64
1.29
1.69

Reservoir
Pressure

55
55
55

Leachate
pH
7.8
8.2
8.3

EMFI
60
112
147

DO. ppm
1.9
5
3

Sn frf iimh^j
41250
25850
15530

T/\r< ———. +*i~t |»KIU

912

TUS, ppm

27800

TSS.ppm

36

As, ppm
6560
5650
2760

Cum.
Arsenic, g

3.27
6.09
6.96

Arsenic
Removed, %

30.9
57.5
65.7

Properties of Leaching Column #6, Core Sample CS-2, CS-6 (5 to 7.5 Feet)
Date

3/28/94
6/3/94
9/22/94

Leachate
Sample, g

710
551
320

Total
Leachate, g

710
1261
1580

W
Leachate

0.59
1.05
1.32

Reservoir
Pressure

55
55
55

Leachate
pH
9.5
10.3
10,2

EMF
15
13
-32

DO, ppm
1.8
6
1

SpCd, Utthoj
45925
24200
10120

TOC, ppm

1300

TDS, ppm

28100

TSS,ppm

172

As, ppm
11100
7100
4130

Cum.
Arsenic, g

7.88
11.79
13.1 1

Araeutc
Removed, %

35.3
52.9
58.8

010346
Hazen Research. Inc.
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These results indicate that approximately 66% of the total arsenic in the contaminated soil was
removed during the course of the study. The total arsenic level in the leachate ranged from 6,560
ppm in the initial leachate sample (0 to 0.6 VV) to 2,760 ppm in the final sample ( 1 .3 to 1.7 VV).

EMF analyses indicated the [eachates were less oxidizing than the groundwater feed. The EMF of
the leachate ranged from 60 millivolts (mV) in the first sample (0 to 0.6 VV) to 147 mV in the
final sample ( 1 .3 to 1.7 VV). The MW-12 groundwater had an EMF of 360 mV. The reduced
EMF of the column effluents may indicate biological activity in the soil during the study.

At the completion of the test, the column was disassembled and the soil removed in three sections:
top third, middle third, and bottom third. A sample of soil was taken from the middle of each
section, dried in a Despatched oven for 24 hours at 45°C, and the resulting solids analyzed for total
arsenic and arsenic speciatioxi. Table 8 summarizes the results of these analyses.

r--^rmo

Table 8. Analysis of Leached Soil from Column 2
(Core Sample CS-2, 11.5 to 13.5 Feet)

Parameter

Wet Weight, g
% HA H2O/dry soil
Dry Soil Weight, g

Air-dried Soil Analysis
Total Arsenic, ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Top 1/3
1,242
16.7
1,064

700
68.6
90.0
729
35

Middle 1/3

1 ,417
16.7
1,214

500
39.2
93.7
666
34

Bottom 1/3
1,780
14.2

1,559

<500
37,0
85.9
633
35

Initial Soil in
Column

4,273
9

3,923

2,700
332
797
775
56

Based on soil analyses, approximately 79% of the total arsenic in the soil was removed during the
course of this study. Analyses of the leachate, however, indicate only a 66% reduction in total
arsenic. The discrepancy between the leachate and soil analyses may be due to soil sampling
procedures. Since discrete soil samples were removed from the middle of the top third, middle
third, and bottom third sections of the column, the sampled soils may not have been representative

Hazeo Research, Inc.
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of each column section. The leachate analyses should provide a more representative indication of
arsenic removed during the leach.

oo•*fmo1—Io

COLUMN 6, CORE SAMPLE CS-2/CS-6 (5 TO 7.5 FEET)

Column 6 was packed with homogenized soils from Core Samples CS-2 (5 to 7.5 feet) and CS-6
(5 to 7.5 feet). Both core samples were from beneath Holding Pond 2. The moisture content of
the soil was increased from 0.25 g H2O/g solids to 0.27 g H2O/g solids by adding 38 ml of MW-12
groundwater to the 4.6 kg of screened sample. The column was saturated under a vacuum of 22
inches of mercury and a feed reservoir nitrogen pressure of 40 psig in five hours with 309 ml of
uncontaminated groundwater from MW-12.

The Column 6 test was started on March 2, 1994, and stopped on August 22, 1994, with only 1.32
VV of effluent collected during the course of the study. The low permeability of the soil prevented
system operation at the recommended flow rate of I VV per day. Samples of Column 6 leachate
were collected on March 28 (0.6 VV), June 3 (LI VV), and August 22 (1 .3 VV). The nitrogen
pressure in the feed reservoir was set at 55 psig (recommended maximum for this system) during
the study.

A summary of leachate properties is provided in Table 7. The column produced a dark brown
effluent. Upon acidification with nitric acid, the solution changed color, to nearly transparent.
Total arsenic analyses of the leachate aliquots indicate approximately 59% of the arsenic in the
contaminated soil was removed during the course of the study. The total arsenic concentration in
the column effluent ranged from 11 , 110 ppm in the first leachate sample (0 to 0.6 W) to 4,130
in the final sample (I.I to 1.3 W). Based on the leachate analyses, 13.1 g of arsenic were
removed from the soil in this test. The pH level of the leachate averaged around 10. The EMF
analysis of the leachate ranged from 15 to -32 mV, indicating possible reducing conditions in the
column.

At the completion of the test, the column was disassembled and the soil removed in three sections:
top third, middle third, and bottom third. A sample of soil was taken from the middle of each
section and dried in a Despatched oven overnight at 45°C. The resulting solids were analyzed for
total arsenic and arsenic speciation. The results of these analyses are provided in Table 9.

The average total arsenic concentration of the soil was reduced from 7,000 ppm to 2,890 ppm
during the course of the study, resulting in a reduction of 12.7 g of arsenic or 57% removal. This
is consistent with the estimated arsenic loss of 59% calculated from the leachate analyses.

Hazen Research. Inc.
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Table 9. Analysis of Leached Soil from Column 6
(Core Sample CS-2/CS-6, 5 to 7.5 Feet)

Parameter

Wet Weight, g
% H20, g H20/g Dry Soil
Dry Soil Weight, g
Dry Soil Analysis
Total Arsenic, ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Top 1/3

1,325
24

1,067

4,500
177
426

2,764
1 19

iinimjBmiiin Mim"111 ••" ""umiBi

Middle 1/3

1 ,398
27

1,097

2,800
504
1297

7,886
401

iumiBDlMBHnram

Bottom 1/3

1,560
33

1,170

1,500
226
551 -

4,907
231

Initial Soil
in Column

4,053
27

3,190

7,000
2,040
4,897
3,179
137

ONî-mo
o

COLUMN 4, CORE SAMPLE CS-5 (4 TO 6 FEET)

Column 4 was packed with soil from Core Sample CS-5 (4 to 6 feet). The moisture content of
3.71 kg of screened soil was increased from 0.43 to 0.47 g H20/g solids with 100 ml of
uncontaminated groundwater. The column was saturated in two hours under a vacuum of 20 inches
of mercury and reservoir feed head pressure of 40 psig with 155 ml of uncontaminated groundwater
from MW-12. This test was started on March 1, 1994, and stopped on July 27, 1994, after 42 W
flushings with uncontaminated MW-12 groundwater.

A summary of the leachate analysis is provided in Table 10. Initially, the column produced a dark
brown effluent which changed to light yellow after sample preservation with nitric acid.
Throughout the study, the effluent became gradually lighter in color and had a light yellow tint by
the end of the test. The column ran continuously from March 3, 1994, to April 11, 1994,
producing a total of 29 VV of leachate. During this period, the total arsenic content of the leachate
ranged from 19,800 ppm in the initial W to a level of around 100 ppm on April 11. A total of
50.6 g of arsenic were removed from the soil during the test based on a leachate analyses. This
represents 70% arsenic extraction.

Hazeo Research, Inc.



Table 10, Properties of Leachate from Column 4
Contaminated Soil Sample CS-5

15

l>«te

3/3/94
3/6/94
3/8/94
3/10/94
3/12/94
3/14/94
3/16/943/18/94
3/19/94
3/25^94
3/22/94
3/23/94
3/24/94
3/26/94
3/27/94
3/28/94
3/29/94
3/3O/94
3/31/94
4/1/94
4/3794
4/3/94
4/4/94
4/5/94
4/6/94
4/7/94
4/8/94
4/11/94
4/19/9
4/20/94
4/21/9
4/22/9
5/10/94
5/11/94
5/12/94
6/7/94
6/8/94
6/9/94
7/26/94
7/27/5
7/28/94

Time

15:30
8:30
17:00
13:00
8:00
8:15
8:00
7:00
10:00
11.0 A
( V< JU

8:00
12:50
16:00
13:00
9:00
13:30
15:00
15:00
14:30
10:40
9:00
9:00
9:00
9:15
9:45
9:30
15:00
15:30
8:00
10:50
10:30
10:30
14:00
14:30
15:30
15:30
16:00
15:30
15:00
I5:OC
15:30

Leachate
Sample, g

1246
1298
1246
1241
12 1 1
1355
1540
1018
1251001703

1530
1207
1135
1818
752
1 144
1225
1234
1298
1191
1218
1209
1325
1267
1594
885
1138
1054
1864
518
877
1508
1170
1329
1452
1050
1196
1140
1188
996
1 134

Total
Leachate, g

1246
2,544
3,790
5,031
6,242
7,597
9,137
10,155
11,406
12,3 85
13,919
15.127
16,261
18.079
18,831
19,975
21.200
22,434
23,732
24.923
26,141
27,351
28.675
29,942
31,537
32.422
33,559
34.613
36.478
36,996
37,873
39.381
40.551
41,880
43,332
44,382
45.578
46.718
47.906
48.902
50,036

Void Volume
of Leachate

1.04
2.13
3 . 18
4-22
5.23
6,37
7.66
8.51
9.56
10.38
11 .67
12.68
13.63
15.15
15.78
16.74
17.77
18.80
19.89
20.89
21.91
22,93
24.04
25.10
26.43
27.18
28.13
29.01
30.58
31.01
31.75
33.01
33.99
35.10
36.32
37.20
38.20
39.16
40.16
40.99
41.94

Reservoir
Pressure

50
50
50
50
50
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
30
35
35
15
10
10
10
10
7
7
7
7
5
5
5
5

Leachate
pH
iO.9
11.4
1 1 .6
1 1 .8
1 1 .7
1 1 .9
1 1 .8
11 .9
1 1 .9
1 1 .8
1 1 .8
1 1 .4
1 1 .5
11 .4
11,3
11 ,3
1 1 .2
11.2
11.1
11 .1
11.1
11 .0
10.9
11 .0
8.3
11 .0
10.8
10.8
10.7
10.8
10.7
10.6
10.5
10.2
10.2
10.4
9.9
10.5
10.2
10.2
10.2

EMF
-26
-74
-79
-85
-57
-45
-64
-78
-70
-65
-65
-56
-62
-65
-60
-58
-38
-44
-19
-21
-21
- 1 1
-3

-60
154
-69
-55
-59
-29
-11
-23
-21
-24
-30
-50
-24
-51
-34
9
12
-4

DO. ppm
0.9
1

1.2
1.5
1.5
1.5
1.6
2
2
1.3
1 .3
3.5
2
1
1

3.4
3.9
4.1
3.0
4.1
4
4
5
5

4.4
4.9
4.5
2.6
5.4
6

5.9
4.9
1
1
1
1
1
1
2
2
2

Sp Cond, iimhos
83600
19030
6600
5720
4620
4620
4340
4350
4190
3910
3910
3730
3510
3180
3010
2730
2610
2420
2370
2280
2120
1970
1920
1850
1810
1820
1840
1820
1890
1820
1840
1740
1890
1790
1670
1700
1650
1610
1910
1670
1640

TOC, ppm
5470
2110

324

1 18

40

-

TDS, ppm
124000
30200

4580

3140

1 1 10

TSS,ppm
510
126

24

8

12

As, ppm
19800
7440
2090
1220
940
858
757
61 1
SI*J t\l
479
476
428
405
358
320
276
240
217
200
ISO
140
120
1 10
100
100
100
100
120
130
120
120
90
150
100
80
160
116
97
170
1 10
90

Cum.
As,g

25
34
37
38
40
4 1
42
43
4j
44
44
45
45
46
46
47
47
47
47
48
48
48
48
48
48
49
49
49
49
49
49
49
49
50
50
50
50
50
50
50
51

% Aureole
Removed

34.2
47.5
5 1 .2
53,2
54.8
56.4
58.1
58.9
59.9
60.6
61 .6
62.3
62.9
63.8
64.2
64.6
65.0
65.4
65.7
66.0
66.3
66.5
66.7
66.8
67.1
67.2
67.3
67.5
67.9
67.9
68.1
68.3
68.5
68.7
68.9
69.1
69.3
69.4
69.7
69.9
70-0

Hazen Research, Inc. 010350
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The pH level of the leachate samples ranged between I I . 8 and 10.8 with the exception of the
sample collected on April 4, 1994 (VV 26.43), which had a pH of 8.5. The lower pH of this
sample was thought to be caused by residual acid remaining in the receiver bottle after washing
with nitric acid.

The EMF values of the leachate indicated a reducing environment in the column throughout most
of the study. A reducing environment is also indicated by the presence of nitrite in the feed solids.

Pulsing of the well field was simulated by ceasing flow after VV 29 and closing valves at each end
of the leaching apparatus to "block in" the column. To evaluate the effect of intermittent stagnated
flow conditions on leachate arsenic concentration, the column was blocked in for one week and
subsequently flushed with 4 W of MW-12 groundwater. Prior to the block-in period, the column
leachate contained 120 ppm total arsenic. A slight increase of 130 ppm total arsenic was observed
in effluent collected directly after the system block-in. The leachate arsenic level dropped to less
than 100 ppm by the end of the 4 VV flushing period.

A series of pulsing tests were conducted in which the column was blocked in for two, three, and
four weeks with three-day column flushing with MW-12 between each block-in period. These tests
indicated that higher arsenic levels were obtained in the initial VV of leachate at the longer block-in
period. The two-, three-, and four-week block-in tests produced initial column effluents containing
150, 160, and 170 ppm total arsenic. This effect, however, was short-lived, and the effluent arsenic
level returned to between 80 and 97 ppm within 3 VV flushings.

The permeability of the column solids increased during the course of this study. At the start of the
test, a head pressure of 50 psig was required to produce a flow rate of 0.3 VV per day through the
column. Flow through the column increased to 1 W per day at a head pressure of 40 psig with
15 days of operation. At the completion of the test, 5 psig head pressure was required to produce
the target effluent flow rate. The increased permeability of the solids may have been caused by
dissolution of soluble solids. Since this soil was comprised of lime-stabilized solids, entrained
calcium oxide may have leached from the soil, changing the permeability characteristics of the
packed solids. Analyses of initial leachates indicate that a significant amount of calcium was
removed during the study, llie initial leachate contained 4,830 ppm calcium. This level was
reduced to 240 ppm after 4 VV of flushing.

Samples of leachate from VVs I, 8, 10, 20, and 30 were submitted for arsenic speciation analysis.
Results are provided in Table 11.

Hazen Research, Inc.
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Table 11. Arsenic Speciation Analysis of Leachate from Column 4

Analyte
Total Arsenic
Arsenic Speciation

Arsenite, ppm As
Arsenate, ppm As
MMA, ppm As
DMA, ppm As

W LO
19,800

52.7
145.2
732
30

VV
l.Or

20.5
47.8
125
7.1

VV8.5
61 1

53.5
128.4
833
36

VV 10.4
479

21.4
50.5
452

9

uminniHmiiii immiii iim^p LI||||

VV 20.9
180

4.4
21.3
108
7

HmillH BftHBilllllllM

W31.0
120

7.2
10.5
74
3

COo

At the completion of the test, the column was disassembled and the soil was removed in three
sections: top third, middle third, and bottom third. A sample of soil was taken from the middle
of each section and dried in a Despatch oven overnight at 45°C, and the resulting solids were
analyzed for total arsenic and arsenic speciation. These analyses are provided in Table 12.

Table 12. Analysis of Leached Soil from Column 4 (CS-5 4 to 6 Feet)

Parameter
Wet Weight, g
% H2O, H2O/dry soil
Dry Soil Weight, g
Dry Soil Analysis

Total Arsenic, ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

mi*miPfliimimijBnnii
Top 1/3

1,036
43

723

12,600
329

1,087
6,851
326

Middle 1/3
1 , 144
43
801

12,500
346
870

6,233
337

Bottom 1/3
1,361
44
945

12,300
482

1,022
6,883
269

Initial Soil
in Column

3,612
47

2,457

29,400
5,682
16,363
8,850
380

The leached solids analyses indicate that 58% of the total arsenic in the soil was leached during
the test, lower than the calculated arsenic removal of 70% from the leached analyses. The leached
soil developed a uniform total arsenic concentration of around 12.500 ppm throughout the column.

Hazen Research, Inc.
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TASK 3. ADSORPTION/DESQRPTION TESTS
m
o
o

A second series of column tests was performed to measure the adsorption/desorption characteristics
of arsenic species under site-specific conditions. In these tests, the arsenic adsorption properties
of uncontaminated soils were determined by passing MW-20 contaminated groundwater through
columns of packed soils. Leachate samples were collected from each VV until arsenic breakthrough
was achieved. Uncontaminated groundwater was then passed through the columns, and the tests
were restarted in the desorpition mode.

Five soil column retardation tests were conducted. Four of the columns were prepared with
uncontaminated soil: two columns were packed with uncontaminated soil from the 15-foot zone
(CS-7/CS-7a)f the other two with soil from the 35-foot zone (CS-8A). The moisture levels of Soils
CS-8 and CS-7/CS-7a were increased to 0.18 g H2O/g solids and 0.20 g H2O/g solids with
uncontaminated groundwater prior to column packing. The fifth control column was prepared with
dry 20- by 30-mesh ASTM silica sand. Table 13 summarizes of the physical properties of the
packed soils.

The columns were saturated with uncontaminated MW-12 groundwater. After saturation, each
packed soil was flushed with an additional 2 W of uncontaminated groundwater. The flushing
groundwater was spiked with a bromide tracer (10 ppm) to detect channeling through the packed
beds. For the uncontaminated soil columns, two adsorption effluent flow rates were investigated,
1 VV per day (Columns 8 and 10) and 0.25 W per day (Columns 9 and 11) . The control column
(Column 7) was flushed at a flow rate of 1 W per day. Groundwater was metered from glass-
bottle reservoirs to the columns by peristaltic pumps.

During the first VV, leachate samples were collected at each 0.25 VV for bromide analysis. The
results of the bromide spike studies, Table 14, showed complete bromide breakthrough at
approximately I VV, indicating no significant channeling through the packed beds during the
adsorption phase of the studies.

After passing 2 VV of bromide-spiked MW-12 through the columns, the adsorption phase of the
study was started by flushing the packed soils with contaminated groundwater from MW-20 (408
ppm total arsenic). Samples of leachate were collected at each VV and analyzed for total arsenic,
pH, specific conductance (Sp Cd), redox potential (EMF), and dissolved oxygen (DO) content. The
results of the adsorption tests indicated low soil arsenic-loading capacities, with total arsenic
breakthrough within 3 to 4 VV of effluent.
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Table 13. Packed Uncontaminated Column Properties
and Void Volume Calculations

10
o
r-H
O

Category
Column No.
Type
Depth, feet
Unit Wet Weight (Target), Ib/ft3
Unit Wet Weight (Actual),
Ib/ft3
Unit Wet Weight (Target), g/mi
Unit Wet Weight (Actual), g/mi
Unit Dry Weight (Target), Ib/ft3
Unit Dry Weight (Actual), Ib/ft3
Unit Dry Weight (Target), g/ml
Unit Dry Weight (Actual), g/ml
Empty Column, ml
Mass Soil in Packed Column, g
Moisture Ratio, g HjO/g solids
Specific Gravity of Dry Soil
Void Volume, ml

Soil Sample
CS-8a

8
Clean

3 4 - 3 8
13 1
1 15

2.10
1 .84
1 1 1
97

1.78
1.56

2,388
4,391.1

0. 18
2.65
984

CS-8a
9

Clean
34- 38

131
1 12

2.10
1.79
1 1 1
95

1.78
1.56

2,347
4,227.4

0.18
2.65
995

CS-7/7a
10

Clean
15

128.4
120

2.06
1.93
107
100
1.71
1.60

2,367
4,551
0.20
2.65
936

CS-7/7a
1 1

Clean
15

128.4
120

2.06
1.93
107
100
1.71
1.60

2,367
4,562
0.20
2.65
933

Control
7

20 x 30 SiO2

120
1 15

1.92
1.84
108
103
1.73
1.65

2,367
4,343
0.10
2.65
877

Table 14. Bromide Loading Results of Adsorption Columns

Column No.
Soil
Void Volume per Day
Bromide at 0.25 VV, ppm
Bromide at 0.5 VV, ppm
Bromide at Est. 0.75 VV, ppm (Actual
VV)
Bromide at Est. 1 VV, ppm (Actual VV)
Bromide at 2 VV, ppm

8
CS-8a

1
<3
<3

5 (0.71)

9 (0.93)
10

HP ITffff """"P ™ IB

9
CS-8a
0.25
<3
<3

8 (0.74)

10 (1.02)
10

tltL.LJi.JiHBIjm.IIM

••»•«»•••: minim
10

CS-7, -7a
1
<3
<3

8 (0.79)

10 ( 1 . 13 )
10

KIII1KIIIII l l l l l .M I I I .

B«miiinmiBiitttBimta«i
11

CS-7, -7a
0.25
<3
<4

5 (0.70)

9 (0.9!)
10

^ f̂firf̂ FMPHMt

7
Quartz

1
<4
<4
<4

10
10

lHMH«H«ii«l
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ADSORPTION COLUMNS WITH 1 VV PER DAY LEACHATE FLOW RATE
10to
COo

Preparation of High-arsenic Synthetic Ground water

After initial arsenic breakthrough with MW-20 groundwater, the columns were treated with high-
arsenic synthetic groundwater solutions (total arsenic levels greater than 1000 ppm) to increase
concentration gradient between soluble and adsorbed arsenic species and provide a greater driving
force for deposition of arsenic compounds. Three batches of synthetic groundwater solutions were
prepared by placing 500 g samples of contaminated soils (CS-2 or CS-6) into clean 2.5-liter reagent
bottles. The bottles were then charged with 1.5 kg of uncontaminated MW-12 groundwater and
rolled for 48 hours. The resulting slurries were vacuum filtered and the pH levels of the filtrates
adjusted to 7.5 to 7.8 with hydrochloric acid (HC1).

The initial batch of synthetic groundwater (BR-I) was prepared in three reagent bottles with CS-2
contaminated soil. After mixing for 48 hours, the resulting slurries had an average pH level of 9.6,
DO content of 2.8 ppmt Sp Cd of 8,050 ^mhos/cm, and EMF of - 22 mV. The solutions were
combined and filtered to produced 3,218 g of filtrate which was neutralized to pH 7.7 with 32.96
g of 1 N HC1 and 30.1 g of 0.1 N HCI. The neutralized filtrate had a Sp Cd of 8,620 ̂ mhos/cm
and a total arsenic content of 1,490 ppm.

In the second series of bottle-roll operations, 2,135 g of filtrate was produced from two bottle rolls
of CS-2 contaminated soil. The combined filtrate was neutralized from pH 9.5 to 7.7 with 20.6
g of 1 N HCI. The neutralized solution (BR-JI) had a total arsenic content of 1,370 ppm and Sp
Cd of 7,980 ̂ mhos/cm.

The final set of bottle rolls produced 5.90 kg of combined filtrate. The filtrate was prepared from
five bottles: three containing CS-6 soil, the other two charged with CS-2 soil. The pH level of the
combined filtrate was reduced, from 10.1 to 7.5 with 60.2 g of 1 N HCI to produce a neutralized
filtrate (BR-III) which had a Sp Cd of 7,550 î mhos/cm and total arsenic content of 1,170 ppm.

Hazon Research, Inc.
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Tests on Column 8, Core Sample CS-8a (34 to 38 Feet)

Adsorption of Arsenic Compounds on Column 8 Soil

Column 8 was prepared with uncontaminated soil, CS-8a, from the 34- to 38-foot zone. The
column was saturated under a vacuum of 7 inches of mercury with 391 ml of MW-12 groundwater.
On March 8, 1994, the test was started by passing 2 VV of bromide-spiked uncontaminated
groundwater through the bed. The column was then flushed with contaminated groundwater from
MW-20 at a target effluent flow rate of 1 VV per day. A summary of the ieachate properties is
provided in Table 15.

10eno

Table 15. Properties of Adsorption Effluent from Column 8
Soil Sample CS-8a, 1 VV per Day

Date
^•••HH3/10/94

3/10/94
3/11/94
3/11/94
3/12/94
3/14/94
3/15/94
3/16/94
3/17/94
3/18/94
3/19/94
3/20/94
3/21/94
3/22/94
3/23/94
3/27/94
4/8/94

4/11/94
4/25/94
5/2/94
5/9/94

5/16/94

Time
Î MHBHH12:00
22:00
8:00
15:00
8:30
8:00
10:45
13:00
15:15
17:30
11 :30
13:00
14:55
13:00
13:00
9:10

9:10
-
-
-
*

As in
Feed, ppm

410
410
410
410
410
410
410
410
410
410
410
410
410
410
410
410
410
1490
1370
1170
1170
1 170

Leachate
grams

940
830

1,548
930.8
1,033
976
939

819.7
1 .222
769.2
1.092
959

1. 132.5
50

900.7
307.92
177.94
216.51
225.64

Estimated
W
0,25
0.5

0.75
1
2
3
4
5
6
7
8
9
10
1 1
12
13

14
14.25
14.5

14.75
15

Actual
W

0.96
1.80
3.37
4.32
5.37
6.36
7.31
8.15
9.39
10.17
11 .28
12.25
13.41

14.32
14.43
14.61
14.83
15.06

pH

7.8
7.5
7.2
7.1
7.2
7.2
7.1
7.1
7.2
7.2
7.2
7.3
7.3

7.2
7.3
7.3
7.2
7.1

EMF
mV

130
93
91
136
71
64
39
37
52
85
84
129
159

95
90
75
62
85

DO
ppm

1
I
1

0.8
0.8
0.7
0.4
0.4
0.6
2
I.I
3.6
3.7

1.4
1
I
1
1

Sp Cd
jimhos

1 .815
5,225
5.610
5,940
5,890
6,350
6,380
6,440
6,310
6,600
6.590
6,570
6,620

6,590
6680
7280
7670
7810

As in
Effluent
ppm
0.01
0.05
0.17
130
252
395
401
402
392
361
407
398
396
394
405
410
400
470
1010
1320
1320
1290

Br
ppm

10
<3

Hazen Research, Inc.



Analyses of the leachate indicated low arsenic-loading capacity with complete total arsenic
breakthrough within 3 VV of effluent. To increase the residence time of the contaminated water,
the column was "blocked in" for two weeks beginning on March 24, 1994, by clamping the inlet
and outlet tubing. On April 8, 1994, approximately 50 g of contaminated water from MW-20 was
fed to the column to displace leachate for arsenic analysis.

To increase the concentration gradient between the soluble and adsorbed arsenic species, 1 VV of
synthetic groundwater (BR-I, 1,490 ppm arsenic) was transferred to Column 8 on April 8, 1994,
and the column was blocked in. After two weeks, synthetic groundwater solution (BR-II, 1,370
ppm total arsenic) was fed to the column to produce 0.25 VV of effluent. The column was then
blocked in for three additional one-week periods. At the end of each block-in period, synthetic
groundwater solution (BR-JH, 1 170 ppm total arsenic) was fed to the column to produce 0.25 W
of effluent.

10moi—*o

Column 8 Desorption Test

The desorption phase of the test was started on May 23, 1994, by passing uncontaminated
groundwater from MW-12 through the column at approximately 0.08 VV per day. The groundwater
in the initial 2 VV of feed was spiked with 22 ppm bromide to monitor channeling through the
packed bed. No significant channeling was detected.

Leachate samples were collected at_every 0.25 VV during the initial 2 VV of desorption effluent.
Subsequent samples were collected at 2.5 VV, 3 W, 4 W, 5 VV, and 6 VV. Each sample was
analyzed for total arsenic, pH, Sp Cd, DO, and EMR Arsenic speciation was performed on
leachate samples at 1 VV, 2 W, 3 W, and 4 W. A summary of the leachate properties from
the desorption phase of this study is provided in Table 16,

The total arsenic level in the leachate dropped from 1,400 ppm to 10 ppm after flushing with only
4 VV of MW-12 groundwater. The final leachate sample (sixth VV) contained 6.6 ppm arsenic.

At the completion of the testv the column was disassembled and the soil removed in three sections:
top third, middle third, and bottom third. Samples of soil were taken from the middle of each
section, dried in a Despatch oven overnight at 45°C, and the resulting solids analyzed for total
arsenic and arsenic speciation. The results of these analyses are provided in Table 17.

Kazan Research, Inc.



Table 16. Leachate Characteristics from the Desorption of Column 8
23

Estimated Void Volume
Date

Weight of Sample
Initial Sample
Sample for Br and As Analysis
Weight of Sample Collected, 3
Total Leachate Collected, g
Actual Void Volume

Chemical Analyses
Casio"

Calcium, ppm
Iron, ppm
Magnesium, ppm
Potassium, ppm
Sodium, ppm
Total Arsenic (ICP), ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Anions
Br, ppm
Cl, ppm
Alkalinity, HCO, as CaCO,
Nitrate, ppm N
Nitrite, ppm N
Sulfate,ppmSO4Other
Dissolved Oxygen, ppm
Conductivity, Mmhos/cm
PH
Redox Potential, mV

0

1370
72.5
174.1
1 130
48.5

8300
7.8

0.25
5/26/94

241.07
15.22

256.29
256.29

0.26

1400

<4

1
7330
7.5
122

0.5
5/29/94

216.36
15.44
231.8
488.09

0.50

1280

<4

2
7230
7.0
248

0.75
6/1/94

244.6
10.32
255

743.1
0.76

1220

8.5

2
7110
7.1
186

1
6/4/94

216
23.42
239.4
982.5
1.00

137.0
0.05
41.3
3.7

10500
750
55.2
128.7
1087
25.0

19
936
532
27

<0.01
370

1
5150
7.6
231

1.25
6/7/94

229.3
8.46

237.7
1220
1.24

200

21.0

3
2860
7.1
227

1.5
6/10/94

212.10
10.14

222.24
1442.40

1.47

99.5

22.5

6
2040
7.4
149

1.75
6/13/94

212.55
12.39

224.94
1667.34

1.69

23.5

2
2080
7.3
137

2
6/16/94

202.44
11.34

213.78
1881 . 12

1.91

15.2
<0.01
4.5
10.4
434
55.1
9.4
30.2
172.4
6.2

22.5
282
311
1

<0.01
109
1

1970
7.7
197

2.5
6/22/94

455.15
11.40

466.55
2347.67

2.39

18

2
1980
7.0
79

3
6/28/94

464.37
11 .86

476.23
2823.90

2.87

14.6
0.01
3.7
2.1
464
18.4
4.4
9,9

60.3
2.8

4.5
273
337

<0.05
<0.01

108

2
1880
7.4
142

4
7/11/94

1023.20
10.00

1033.20
3857.10

3.92

13.4
0.03
3.8
4.7
426
9.9
2.6
7.3
50. i
2.7

341
323
0

<0.01
107

2
1890
7.5
88

5
7/27/94

1 157 . 1
12.1

1169.20
5026.30

5.1 1

6.0

3
1810
7.4
288

6
8/5/94

1067.4
23.1

1090.50
6116.80

6.22

6.6

3
1820
7.4
195

010358
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Table 17. Analysis of Column 8 Soil (CS-8a, 34 to 38 Feet)

Parameter
Wet Weight, g
% H2O, H2O/dry soil
Dry Soil, g
Dry Soil Analysis

Total Arsenic, ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Top. 1/3
1515
22

1243

23.6
0.7
1.8
6.2
0.3

Middle 1/3
1422
23

1157

20.0
1.5
3.3
19.5
0.7

Bottom 1/3
1536
22

1264

22.4
4.1
5.8

53.0
2.1

Initial Soil
in Column

4391
18

3722

4.1
-
-
-
-

CTv

O
r—lO

The total arsenic content of the soil increased from 4.1 ppm to an average level of 22 ppm during
the study.

Column 10 Core Samples CS-7/CS«7a (12.5 to 23 Feet)

Adsorption of Arsenic Compounds on Column 10 SoM

Column 10 was prepared wilh uncontaminated soil from the 12.5- to 23-foot zone. The column
was saturated under a vacuum of ten inches of mercury with 354 ml of MW-12 groundwater. A
summary of the leachate properties is provided in Table 18. The results from this test were similar
to those from Column 8, with low adsorption of arsenic from the contaminated groundwater feed.
Complete arsenic breakthrough was reached after 3 W. Flow through the column was stopped on
March 24, 1994, and the column was blocked in for two weeks. On April 8, 497 g of MW-20
solution was added to displace some of the blocked-in soEution.

One void volume of synthetic groundwater (BR-I, 1490 ppm arsenic) was transferred to Column
10 on April 8, 1994, and the column was again blocked in. After a two-week stagnation period,
a synthetic groundwater solution (BR-II, 1370 ppm total arsenic) was fed to the column to produce
0.25 VV of effluent. The column was then blocked in for three additional one-week periods. At
the end of each block-in period, synthetic groundwater solution (BR-IIL 1170 ppm total arsenic)
was fed to the column to produce 0.25 VV of effluent.

Kazan Research. Inc.
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Table IS. Properties of Adsorption Effluent from Column 10
Soil Samples CS-7/CS-7a, 1 VV per Day

Date

3/15/94
3/16/94
3/17/94
3/18/94
3/19/94
3/21/94
3/23/94
4/8/94
4/11/94
4/25/94
5/2/94
5/9/94

5/16/94

Time

10:45
9:15
15:30
18:00
11:00
13: 15
8:00
13:25
13:45

-
-
-
•

As in
Feed, ppm

410
410
410
410
410
410
410
410
1490
1370
1 170
1 170
1170

Leachate
grams

931
1,075
775
959
1,042
1,222
773
497

772.9
81.48
177.1

204.83
204.94

Actual
W

0.99
2.14
2.97
4.00
5 . 1 1
6.41
7.24
7.77
8.60
8.68
8.87
9.09
9.31

Mumin-iifini iffmffin

PH

7.5
7.3
7.2
7.2
7.1
7.2
7.1
7.3
7.4
7.4
7.3
7.3
7.2

flTfTW1

EMF
mV
142
80
70
32
34
71
79
135
83
62
50
42
68

pMiiMiuiin

DO
ppm

5
1.5
1
1

0.8
1

0.4
2
1.2
1
1
I
1•Ni^H

Sp Cd
jimhos
2,585
6350
6,010
6,490
6,360
6.580
6,510
6,310
6,540
6650
7580
7710
7860

muniuî nE

As in
Effluent
ppm
38

358
397
387
400
388
404
410
480
990
1290
1380
1200

Br
ppm
8
<4

MUllMilHliii

o
l——HO

Column 10 Desorption Test

The desorption phase of the test was started on May 23, 1994, by passing uncontaminated
groundwater from MW-12 through the column at approximately 0,08 W per day. The groundwater
in the initial 2 VV of feed was spiked with 22 ppm bromide to monitor channeling through the
packed bed. No significant channeling was detected. A summary of the leachate properties from
the desorption phase of this study is provided in Table 19.

The total arsenic level in the leachate dropped from 1370 ppm to 13 ppm after flushing with only
four VV of MW-12 groundwater. The sixth VV leachate sample contained 5.3 ppm arsenic,

At the completion of the test, the column was disassembled and the soil removed in three sections
(top, middle, and bottom). Samples of soil were taken from the middle of each section, dried in
a Despatch oven overnight at 45°C, and the resulting solids analyzed for total arsenic and arsenic
speciation. The results of these analyses are provided in Table 20.

The total arsenic content of the soil increased from 4.4 ppm to an average level of 14 ppm during
the study.

Hazen Research, Inc.



Table 19. Leachate Characteristics from the Desorption of Column 10
26

Estimated Void Volume
Date

Weight of Sample
Initial Sample
Sample for Br and As Analysis
Weight of Sample Collected, g
Total Leachate Collected, g
Actual Void Volume

Chemical Analyses
Cation

Calcium, ppm
Iron, ppm
Magnesium, ppm
Potassium, ppm
Sodium, ppm
Total Arsenic (ICP), ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Anions
Br, ppm
Cl, ppm
Alkalinity, HCO, as CaCO,
Nitrate, ppm N
Nitrite, ppm N
Sulfate, ppm SO,

Other
Dissolved Oxygen, ppm
Conductivity, umhos/cm
PH
Redox Potential, niV

0

1370
75.9
193.3
1361
69.4

8300
7.8

0.25
5/26/94

229.90
15.00

244.90
244.90
0.26

1260

<4

2
7270
7.4
107

0.5
5/29/94

192.79
19.26

212.05
456.95

0.49

1190

<4

1
7270
7.1
198

0.75
6/1/94

207.87
13.24
221 . 1 1
678.06
0.72

1000

10

1
6890
7.1
181

1
6/4/94

193.82
28.99
222.81
900.87
0.96

82.0
0.05
23.8

L.21-5
9830
620
63.7
196.6
1209
87.2
18.5
784
436
18

<0.01
320

1
5020
7.4
192

1.25
6/7/94

224.76
12.34

237.10
1137.97

1.22

170

20.0

2
2620
7.2
156

1.5
6/10/94

218.36
13.09

231.45
1369.42

1.46

84.0

19

1
2050
6.9
109

1.75
6/13/94

236.90
18.00

254.90
1624.32

1.74

21.5

1
1970
7.0
137

2
6/16/94

195.54
12.25

207.79
1832.11

1.96

10.4
0.02
3,0
0.7
426
42.0
86.5
130.7
880.5
49.0

21.5
291
311
0.09
<0.01
107

1
1900
7.3
127

2.5
6/22/94

461.85
10.92

472.77
2304.88

2.46

15

1
1940
7,0
92

3
6/28/94

429.96
14.65

444.61
2749.49

2.94

9.9
0.03
2.8
2.0
422
19.8
3.8
8.8
53.2
2.1

1
260
328
0.07
<0.01
113

1
1920
7.6
109

4
7/11/94

946.05
12.00

958.05
3707.54

3.96

9.8
0.01
2.8
0.9
430
13.0
3.6
7.1
fn r\O/.B
5.3

272
308

<0.05
<0.01
107

2
1950
7.4
120

5
7/27/94

1022.10
14.40

1036.50
4744.04

5.07

6.4

4
1770
7.3
274

6
8/5/94

984.00
19.20

1003.20
5747.24

6.14

5.3

3
1660
7.4
242

Hazen Research, Inc.
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Table 20. Analysis of Column 10 Soil (CS-7/CS-7a, 12.5 to 23 Feet)

Parameter

Wet Weight, g
% H2O, H2O/dry soil
Dry Soil, g
Dry Soil Analysis

Total Arsenic, ppm
Arsenite, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Top 1/3

1451
19

1222

15.9
1.8
2.6
17.7
1.4

Middle 1/3

1420
18

1200

11 .0
0.8
2.2
12.1
0.9

••MBI»Ma»f|||p»«ffff

Bottom 1/3

1722
20

1431

14.7
1.7
3.3

24.0
1.1

ff HI HI HI || pa mum »™ap "mm

Initial Soil
in Column

4551
20

3791

4.4
-
-
-
-

<N^Omo

Control Column 20- fay 30-mesh Quartz Sand

Adsorption of Arsenic Compounds on Silica Sand Control Column

Table 21 provides a summary of the leachate properties from the control column (Column 7) which
was packed with ASTM 20- by 30-mesh quartz sand. Arsenic breakthrough occurred after 1 W
of flushing with MW-20 groundwater. The column was blocked in for two weeks on March 24,
1994. No reduction in leachate arsenic concentration was noted after the two-week stagnation. On
April 8, 1994, the column was treated with 1 VV of neutralized bottle-roil filtrate (BR-I, 1490 ppm
total arsenic), and the column was blocked in for an additional two weeks.

After a two-week block-in period, a synthetic groundwater solution (BR-II, 1370 ppm total arsenic)
was fed to the column to produce 0.25 VV of effluent. Hie column was then blocked in for three
additional one-week periods. At the end of each block-in period, synthetic groundwater solution
(BR-III, 1 170 ppm total arsenic) was fed to the column to produce 0.25 VV of effluent.

Hazen Research, Inc.
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Table 21. Properties of Adsorption Effluent from Control Column
Silica Sand, I VV per Day

•̂ î ^aHBB

Date
••^•H

3/22/94
3/23/94
4/8/94
4/II/94
4/25/94
5/2/94
5/9/94
5/16/94

immiiiiiiii ii in

Time
IBHHH31

14:00
15:00
15:00
13:50

As in
Feed, ppm

410
410
410
410
410
410
1490
1370
1 170
1 170
II 70

Leachate
grams

921
839

689.7
828.4

227.72
201.72
243.90
191.42

Actual
VV

1.05
2.01
2.79
3.74
4.00
4.23
4.51
4.72

pH

7.9
7.7
7.4
7.5
7.5
7.4
7.5
7.6

EMF
mV

124
81
1 13
78
82
90
72
50

DO
ppm

3
2.8
5.2
0.8
I
I
1
1

Sp Cd
jimhos

2,250
6.350
6,560
6.670
6980
8290-
8220
8030

As in
Effluent
ppm
0.004
0.017
0.218
396
372
410
470
1300
1520
1350
1160

Br
ppm
10
10
10
<5
<5

mO

Control Column Desorption Test

Desorption of Arsenic Cora pounds from Silica Sand

The desorption phase of the test was started on May 23, 1994, by passing uncontaminated
groundwater from MW-12 through the column at approximately 0.08 VV per day. A summary of
the leachate properties from the desorption phase of this study is provided in Table 22.

The results of the bromide spike test indicated channeling in the packed bed with 50% bromide
breakthrough within 0.5 W of desorption effluent. The effluent bromide concentration remained
beiow the feed level of 22 ppm, indicating non-plug-flow and back-mixing within the packed bed.

Figure 1 summarizes the arsenic level in desorption effluents of the control column. Column 8, and
Column 10. The initial VV of desorption effluent from the control column contained significantly
less arsenic than equivalent VV from either Column 8 or Column 10. The latter two columns
developed sharp reductions in effluent arsenic levels after 0.75 VV of leachate. The discrepancies
between the arsenic content of the control column effluent and Column 8 and Column 10 leachates
are mostly likely caused by channeling and back-mixing in the control column packed bed.

The total arsenic level in the control column effluent dropped from 920 ppm at 0.25 VV to 6.1
ppm after 6.8 VV of flushing with MW-12 groundwater.

Hazen Research, Inc.



Table 22. Leachate Characteristics from the Desorption of Control Column
29

Estimated Void Volume
Date

Weight of Sample
Initial Sample
Sample for Br and As Analysis
Weight of Sample Collected, g
Total Leachate Collected, g
Actual Void Volume

Chemical Analyses
Cation

Calcium, ppm
Iron, ppm
Magnesium, ppm
Potassium, ppm
Sodium, ppm
Total Arsenic (ICP), ppm
Arsenitc, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Anions
Br, ppm
Cl. ppm
Alkalinity, HCO, as CaCO,
Nitrate, ppm N
Nitrite, ppm N
Sulfate.ppmSO,

Other
Dissolved Oxygen, ppm
Conductivity, nmhos/cm
PH
Redox Potential, mV

0

1370
139.1
289.6
1705
61.2

*

8300
7.8

0.25
5/26/94

205.03
14.30

219.33
219.33
0.25

920

<4

1
6470
7.7
104

0.5
5/29/94

201.05
13.20

214.25
433.58

0.49

720

10.5

2
5910
7.5
190

0.75
6/1/94

216.36
10.42

226.78
660.36

0.75

540

15

2
5210
7.4
185

1
6/4/94

196.37
23.35
219.72
880.08

1.00

86.7
0.14
26.7
2.7

9830
480
10.3
20.1
133
6.6

14
728
317
12

<0.01
301

1
4370
7.6
200

1.25
6/7/94

184.53
9.67

194.20
1074.28

1.22

410

14.5

3
3690
7.1
211

1.5
6/10/94

206.59
11 .33

217.92
1292.20

1.47

314.0

19

4
3380
7.1
167

1.75
6/13/94

234.10
14.88

248.98
1541.18

1.76

20

1
2950
7.2
136

2
6/16/94

215.26
14.24

229.50
1770.68

2.02

107.0
0.12
34.2
1.0

472
182.0
9.4
30.2

322.0
11.5

14.5
539
232
1.66

<0.01
208

1
2950
7.2
136

2,5
6/22/94

464.93
11.06

475.99
2246.67

2.56

9

1
2330
6.9
92

3
6/28/94

456.14
11 .06

467.20
2713.87

3.09

117.0
0.12
38.5
2.3
286
31.3
14.7
35.4
229.5
9.9
1

383
283
0.13
<0.01
129

2
2100
7.0
117

4
7/11/94

980.07
12.06

992.13
3706.00

4.23

120.0
0.12
40.9
1.9

430
63.8
13.7
28.1
144.2
8.0

318
300

<0.05
<0.01

129

1
2000
7.0
162

5
7/27/94

1130.00
12 . 10

1 142 . 10
4848.10

5.53

1 1 .6

3
1830
7.3
260

6
8/5/94

1 107.30
21 .20

1 128.50
5976.60

6.81

6.1

4
1690
7.3
272

010364
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Samples of sand were taken from the middle of the topf middle and bottom sections of the packed
bed, dried in a Despatch oven overnight at 45°C, and the resulting solids analyzed for total arsenic
content. The results of these analyses are provided in Table 23.

o
T——IO

Table 23. Analysis of Column 7 Silica Sand

Parameter
Wet Weight, g

, HjO/dry soil
Dry Soil, g
Dry Soil Analysis

Total Arsenic, ppm

Top 1/3

1297

1267

4.2

Middle 1/3
883

863

3.7

Bottom 1/3
1908

1833

3.6

Initial Sand
in Column

4343
10

3948

0.9

ADSORPTION COLUMNS WITH 0.25 W PER DAY LEACHATE FLOW RATE

Column 9 Core Sample CS-Sa (34 to 38 Feet)

Adsorption of Arsenic Compounds on Column 9 Soil

Column 9 was prepared with uncontaminated soil from the 34- to 38-foot zone. The column was
saturated under a vacuum oi' seven inches of mercury with 381 ml of MW-12 groundwater and
treated with MW-20 contaminated groundwater at a flow rate of 0.25 W per day. Results of the
adsorption phase of the test (Table 24) were similar to the Column 8 (Soil CS-8a, 1 VV per day)
adsorption study with arsenic breakthrough after 3 VV. On April 15 1994, the column was treated
with I VV of high-arsenic bottle-roll filtrate (BR-2, 1370 ppm total arsenic) and blocked in for two
weeks.
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Table 24. Properties of Adsorption Effluent from Column 9
Soil Sample CS-8a, 0.25 VV per Day

mo

Date

3/21/94
3/27/94
4/1/94
4/5/94
4/9/94

4/15/94
5/2/94
5/9/94

5/16/94
5/23/94
6/23/94

Time

8:00
13:00
12:45
8:00
8:00
10:00

As in
Feed, ppm

410
410
410
410
410
410
410
410
1370
1170
1 170
1 170
1 170
1170

BUBnroiiiiiiiiiiiii mi" mini inn

Leachate
grams

163
214
197

1 ,015
1,090
775
957
1,234
1.064

204.23
194.82
211 .60
249.08
172.67

MI»' ti + mud + i'
Actual

VV

1.02
2. 12
2.89
3.86
5.10
6.17
6.37
6.57
6.78
7. 18
7.38

BUMS
PH

7.6
7.5
7.4
7.4
7.3
7.3
7.0
7.3
7.2
7.1
7.1

nmm
EMF
mV

128
120
84
107
156
97
-24
20
45
32
80

CTpUfflPP
DO
ppm

I
5

0.5
2.8
3

L 2
I
I
1
I
1

ittaiiiiiiwtiiBi
Sp Cd
pmhos

2, 1 10
6,150
6.560
6,600
6,410
6,430
6780
7130
7370
7470
7330

iiiiniUB
As
ppm

0.004
228
332
390
390
430
440
1300
1350
1290
1280
1280

^HIBiim
Br
ppm

1 1
9
9
6

After the two-week block-in i>eriod, synthetic groundwater solution (BR-IU, 1170 pprn total arsenic)
was fed to the column to produce 0.25 VV of effluent. The column was then blocked in for three
additional one-week periods. At the end of each block-in period, synthetic groundwater solution
(BR-III) was fed to the column to produce 0.25 VV of effluent

In the final stagnant flow test, the column was blocked in for one month and flushed with 0.25 W.
of BR-III solution.

Column 9 Desorption Test

The desorption phase of the test was started on July 4, 1994, by passing uncontaminated
groundwater from MW-12 through the column at approximately 0.08 VV per day. A summary of
the leachate properties from the desorption phase of this study is provided in Table 25. The
bromide spike test did not indicate noticeable channeling through the packed bed.
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Table 25. Leachate Characteristics from the Desorption of Column 9 33

Estimated Void Volume
Dale

Weight of Sample
Initial Sample, g
Sample for Br and As Analysis, g
Weight of Sample Collected, g
Total Leachate Collected, g
Actual Void Volume

Chemical Analyses
Cation

Calcium, ppm
Iron, ppm
Magnesium, ppm
Potassium, ppm
Sodium, ppm
Total Arsenic (ICP), ppm
Arsenile, ppm as As
Arsenate, ppm as As
MMA, ppm as As
DMA, ppm as As

Anions
Br, ppm
Cl, ppm
Alkalinity, HCO, as ppm CaCO3Nitrate, ppm N
Sulfate, ppm SO,

Other
Dissolved Oxygen, ppm
Conductivity, micromhos/cm
PH
Redox Potential, mV

0

1170

0.25
7/7/94

238.49
33.49
271.98
271.98

0.27

1280

1

1
7040
7.1
-57

0.5
7/10/94

236.71
4.64

241.35
513.33
0.52

1200

2.5

2
6980
7.0
89

0.75
7/13/94

289.50
9.68

299.18
812.51
0.82

895

13

1
6470
7.3
75

1
7/16/94

222.60
10.02

232.62
1045.13

1.05

60
<1
18i

812
290
56.6
182.9
1043
37.8

21.5
670
500
<0.2
328

1
3580
7.3
124

1.25
7/19/94

230.43
11.04

241.47
1286.60

1.29

100

21.5

1
2260
7.4
119

1.5
7/23/94

228.42
13.94

242.36
1528.96

1.54

55.6

21

2
2010
7.2
163

1.75
7/25/94

161.42
9.86

171.28
1700.24

1.71

40.9

21

3
2080
7.3
167

2
7/29/94

307.59
16.15

323.74
2023.98

2.03

12
<1
4
3

394
31.3
7.3
14.2
79.0
4.7

21
390
333
<0.2
137

2
1800
7.1
156

2.5
8/4/94

428.47
1.79

430.26
2454.24

2.47

12

1
1820
7.4
180

3
8/10/94

431.19
11.06

442.25
2896.49

2.91

1 1
<1
3
<1
384
17.9
2.5
8.3
39.9
1 . 1

<1
300
323
<0.2
131

2
1810
7.3
195

4
8/26/94

973.29
9.93

983.22
3879.71

3.90

11
<1
3
<1
374
9.0
4.9
7.9

68.7
2.0

290
309
<0.2
130

2
1800
7.3
202

5
9/8/94

982.67
12.20

994.87
4874.58

4.90

6.6

2
1800
7.4
173

6
9/20/94

954.91
16.78

971.69
5846.27

5.88

6.0

2
1780
7.3
188

010368
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The results of the desorption phase of this study were similar to those of Column 8. Both columns
were packed with soil from core sample CS-8a, but during the adsorption phase, Column 9 was
treated at a flow rate of 0.25 VV per day while the flow to Column 8 was set at 1 VV per day.
In both cases, the columns developed a final effluent total arsenic content of 6 ppm after flushing
with 6 VV of uncontaminai:ed groundwater.

At the completion of the test, the column was disassembled and the soil removed in three sections:
top third, middle third, and bottom third. Samples of soil were taken from the middle of each
section, dried in a Despatch oven overnight at 45°C, and the resulting solids analyzed for total
arsenic and arsenic speciation. The results of the soil analyses are provided in Table 26.

mO
1——IO

Table 26. Analysis of Column 9 CS-8a (34 to 38 Feet)

Parameter

Wet Weight, g
% H2O, H2O/dry soil
Dry Soil, g
Dry Soil Analysis

Total Arsenic, ppm

Top 1/3

1692
20

1413

46.6

Middle 1/3

1 183
17

1004

26.7
MM MUfwimanvonn

Bottom 1/3

1759
23

1434

25

Initial Soil
in Column

4228
18

3583

4.1

The total arsenic content of the soil samples varied from 25 ppm in the bottom third of the column
to 46.6 ppm in the top third.

Column 11 Core Sample CS-7/CS-7a (12.5 to 23 Feet)

Adsorption of Arsenic Compounds on Column 11 Soil

Uncontaminated soil from the 12.5- to 23-foot zone was packed in Column 11. The column was
operated at a leachate flow rate of 0.25 VV per day. As in the other tests, this column
demonstrated low arsenic loading capacity with arsenic breatkthrough after 3 VV of effluent. Table
27 summarizes the leachate properties from this study.
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Table 27. Properties of Adsorption Effluent from Column 11
Soil Sample CS-7/CS-7a, 0.25 VV per Day

Date

3/24/94
3/25/94
3/26/94
3/27/94
4/1/94
4/5/94
4/9/94

4/15/94
5/2/94

5/10/94
5/16/94
5/23/94
6/23/94

Time

13:00
8:00
11:00
9:00
10:30

As in
Feed, ppm

410
410
410
410
410
410
410
410
1370
1170
1170
1170
1170

Leachate
grams

163
214
197
879
903

1,228
1.009
1,099
205.2
213.91
194,05
236.27
173.64

Actual
VV
0.17
0.40
0.62
0.94
1 .91
3.23
4.31
5.49
5.71
5.93
6.14
6.39
6.58

bWwMAH

pH

7.5
7.5
7.4
7.1
7,2
7,1
7.1
7.3
7.2
7.1

EMF
mV

104
72
94
90
72
52
60
-24
1 13
76

DO
ppm

1
1 . 1
2.7
0.6
2
2
1
1
2
I

illMitJiiiimmiiiiiiitmiiiii iiiim

Sp Cd
limhos

4,230
6,350
6,600
6,560
6,640
6,960
7,200
7,400
7.380
7,300

As
ppm

0.046
0.044
33.4
186
360
380
440
510
1150
1210
1 1 1 0
1210
1360

™lllTlliniiM»q
Br
ppm

10
8
<5

coO
T——IO

On April 15, 1994, the column was treated with 1 VV of high-arsenic bottle-roll filtrate (BR-2t1370 ppm total arsenic) and blocked in for two weeks. After the stagnation period, synthetic
groundwater solution (BR-IE, 1170 ppm total arsenic) was fed to the column to produce 0.25 VV
of effluent. The column was then blocked in for three additional one-week periods and a final
stagnant flow duration of one month. At the end of each block-in period, BR-EII solution was fed
to the column to produce 0.25 VV of effluent

Column 11 Desorption Test

The desorption phase of the test was started on July 4, 1994, by passing uncontaminated
groundwater from MW-12 through the column at approximately 0.08 VV per day. Analysis of the
bromide spike did not indicate significant channeling through the packed bed. A summary of the
leachate properties from the desorption phase of this study is provided in Table 28.
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The results of the desorption phase of this study were similar to those from Column 10 (CS-7/Cs-7a
soil at 1 VV per day during adsorption phase of the study). These columns developed final
effluents with total arsenic contents between 5 and 6 ppm after flushing with 6 W of
uncontaminated groundwater. Analysis of the leached soil from Column 11 (Table 29) indicate an
average arsenic content of 19 ppm. The soil from Column 10 had an average total arsenic content
of 14 ppm.

mo

Table 29. Analysis of Column 11 CS-7/Cs-7a (12.5 to 23 Feet)

Parameter
Wet Weight, g

Top 1/3

1641

Middle 1/3
1145

Bottom 1/3
1800

Initial Soil
in Column

4562
, H^O/Dry Soil 18 18 18 20

Dry Soil, g 1395 970 1482 3802
Dry Soil Analysis

Total Arsenic;, ppm 21 19 17 4.4
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TASK 4. BATCH Kd STUDIES

Batch distribution coefficient (Kd) studies were conducted to provide additional information relevant
to the arsenic adsorption capability of uncontaminated. soils. These studies measured the time
required to reach arsenic adsorption equilibria. At the request of Southern Pacific Lines (SPL), only
raw test data are provided with this report. Evaluation and interpretation of the data will be
completed by SPL.

Each of the two uncontaminated soil samples (CS-8a arid CS-7/CS-7a) were tested at a soihwater
(MW-20) weight ratio of 1:4. In these tests, 400-gram aliquots of soil (dry basis) were mixed with
contaminated water in 2.5-liter glass bottles. These tests were conducted in triplicate. The bottles
were rotated on rollers and samples were taken at 2, 4, 8, 24, 72, 120, and 168 hours. Between
the 120- and 168-hour times, the mixtures were allowed to stand and settle. The centrifuged
supernatants from each sample were analyzed for the following parameters: pH, redox potential,
dissolved oxygen, specific conductance, and total arsenic. A second series of two bottle-roll tests
was conducted in bottles which were modified to maintain a nitrogen atmosphere during the test.
The results of bottle-roil tests are summarized in Tables 30 and 31.

o
r-H
O
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Table 30. Results of Bottle-roll Kd Tests with No Nitrogen Blanket
Time. Hours

^̂ ^̂ HMMB^BMBMi
2

4

6

8

24

72

120

163

SoJI
CS-7/CS-7a
CS-7/CS-71
CS-7/CS-7a
CS-Sa
CS-3a
CS-8a
CS-7/CS-7*
CS-7/CS-7a
CS-7/CS-7a
CS-8a
CS-3a
CS-Sa
CS-7/C5-7a
CS-7/C!-7t
CS-7/O!-7a
CS-8a
CS-Sa
CS-8a
CS-7/ai-7a
CS-7/CSI-7a
CS-7/CS;-7a
CS-Sa
CS-Sa
CS-Sa
CS-7/CS-7a
CS-7/CS-7a
CS-7/CS-7a
CS-8a
CS-Sa
CS-3a
CS-7/CS-7a
CS-7/CS-7a
CS-7/CS-7a
CS-Sa
CS-Sa
CS-3a
CS-7/CS-7a
CS-7/CS-7a
CS-7/CS-7a
CS-8a
CS-Sa
CS-Sa
CS-7/CS-7a
CS-7/CS-7a
CS-7/CS-7a
CS-8a
CS-Sa
CS-i«
!••••• •OHHm^MlB

pH
7.0
7.1
7 . 1
7.0
6.9
7.0
7.0
7.1
7.2
7.2
7.2
7.2
7.0
7.0
7.0
7.0
7.0
7.0
7.1
7.2
7.2
7.2
7.2
7.2
7.1
7.1
7.2
7.!
7.2
7.2
7.1
7.2
7.2
7.1
7.2
7.2
7.0
7.0
7, 1
6.8
6.8
6.9
7.1
7.1
7.3
7.1
7. 1
7.0

•MMHHI

EMF
123
12 1
1 1 8
143
140
133
121
1 12
I I I
120
1 14
1 1 2
95
96
94
1 17
120
1 1 3
98
97
94
109
101
94
63
62
63
65
60
62
77
74
74
32
77
78
150
146
142
177
170
160
133
143
147
188
194
199

Sp Cd. pm hoc/cm
5.390
5.610
5.610
5.330
5.830
5.830
5.720
5.720
5.720
5.500
5.720
5.720
5,720
5.720
5.720
5.720
5.720
5.720
5,940
5.940
5,940
5.720
5.720
5.720
6.060
6.140
6.180
6,470
6.370
6,460
6.310
6.300
6.240
6.400
6.400
6,470
6.310
6.210
5.310
6.350
6.430
6.450
6.370
6.340
6.370
6.470
6.480
6.490

DO
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
4
4
4
6
6
6
4
3
3
6
5
5
5
5
5
3
3
3
3
4
3
4
4
5
4
5
4

Arsenic, ppm
390
388
393
385
397
379
397
400
396
389
402
397
396
400
396
395
391
394
385
380
382
395
391
394
370
367
351
371
375
377
343
340
337
343
350
364
329
325
324
343
341
352
336
335
332
361
369
361

r--
o
l-HO
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Table 31. BottJe-roll Tests in Nitrogen Atmosphere

Time,
Hours
••••^B

0
2

4

8

24

72

120

168
mm—mmm

Soil
MW-20 Water
CS-7/CS-7a
CS-8a
CS-7/CS-7a
CS-8a
CS-7/CS-7a
CS-8a
CS-7/CS-7a
CS-8a
CS-7/CS-7a
CS-8a
CS-7/CS-7a
CS-8a
CS-7/CS-7a
CS-8a

pH
6.9
7.5
7.5
7.5
7.4
7.5
7.4
7.4
7.3
7.3
7.3
7.7
7.6
7.8
7.7

EMF
142
45
38
45
38
14
20
44
46
107
85
55
61
52
61

Sp Cond,
jimmhos/cm

6,210
6,350
6,440
6,370
6,440
6,370
6,410
6,190
6,590
7,630
6,560
6,260
6,450
6,170
6,410

DO,
ppm

4
2
2
i
2
1
1
r
i
i
2
i
2

0.8
0.4

Arsenic,
ppm
408
356
372
353
368
338
364
362
362
321
366
351
363
350
369

HH 11(111 IUUJM MmUHNIIUIIIM

o
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TASK 5. QUALIFICATION OF ARSENIC ANALYTICAL PROCEDURES

In the final task of the project, spike-recovery tests were conducted to qualify the ICP and HPLC
analytical procedures for arsenic analysis of solutions containing inorganic and organic-arsenic
components. This task was initiated towards the end of the study, when wide variations were noted
between the ICP and HPLC analytical results.

In a previous project for the treatment of groundwater at the Crystal Chemical site (Hazen Project
8068), it was determined that ICP analysis of solutions spiked with DMA provided excellent
recovery of the organic-arsenic compound (2 to 3% variance from the spike concentration).
Additional tests were conducted in this project to qualify the ICP method for total arsenic analyses
in the presence of MMA and identify biases with the HPLC analysis.

For this task, a standard solution was prepared from known quantities of monosodium methylarsenic
acid (MSMA), DMA, and sodium arsenate in DI water. A series of arsenic spike solutions was
also prepared from arsenic-contaminated water from the Crystal Chemical facility to determine if
matrix interferences biased the analyses. The effect of acid preservatives was investigated by
acidifying splits of the standard and spike solutions with either hydrochloric acid (HC1) or nitric
acid (HNO3) and analyzing the acidified and unacidified samples for total arsenic content by ICP
and arsenic speciation by HPLC. The total arsenic level for the HPLC analyses was calculated
from the speciation results.

PREPARATION OF STANDARD AND SPIKE SOLUTIONS

The standard and spike solutions were prepared in 500 ml volumetric flasks. The flasks were
washed with Alconox, rinsed with HNO3, and tripled-rinsed with DI water. A standard solution
was prepared by adding MSMA, DMA, and sodium arsenate to a volumetric flask containing 250
ml of DI water. The solution was shaken to dissolve the solid reagents and the volume brought
to 500 ml with DI water. Table 32 summarizes the composition of the standard solution.

The standard solution contained 193 ppm total arsenic. Splits of the standard were acidified (one
with HC1, the other with HNO3) and both acidified and unacidified samples analyzed for total
arsenic by ICP and speciation by HPLC.
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Reagent

MSMA
DMA

Arsenate

Table 32. Composition of Standard Solution (500 m!)

Formula

CH4AsO3Na

Molecular
Weight, g/mole

KKflBaK16 1 .9
138.0
312.0

Purity
iBmm
95%
98%
99%

Amount
Added, g

0.1080
0.0460
0.1041

Arsenic
Cone., ppm

HHB94
49
50

mo

A series of arsenic spike-recovery tests was conducted to determine the recovery of inorganic and
organic arsenic compounds in a site-specific water matrix. Spike solutions were prepared from a
composite of the 1.75 W effluents from the desorption studies conducted under this project
(Columns 8, 9, 10, 11, and Control). The 1.75 VV composite solution was diluted with DI water
at three ratios of composite to DI water: 3:1 , 1 :1 , and 1:3. Each dilution was prepared in clean 500
ml volumetric flasks.

The total arsenic content of the composite solution was determined by ICP to provide a baseline
for the dilution spike-recovery study. It would be expected that matrix interferences would result
in variances from the anticipated total arsenic content in the spiked samples. A positive or negative
matrix interference would result in recoveries greater or less than 100% (plus or minus 10%) of the
calculated total arsenic.

The 3:1 (composite:DI water) dilution was prepared with 375 g composite effluent and 125 g of
DI water. The 3:1 spike solution was prepared by adding 0.1074 g MSMA (94.9 ppm total arsenic)
to the sample.

The (1 : 1 compositerDI water) dilution was prepared with 250 g composite effluent and 250 g of
DI water. This solution was; spiked with 0.046 g DMA (49.1 ppm total arsenic).

The 1:3 (composite:DI water) solution was prepared with 134 g composite effluent and 366 g of
DI water. The spike solution was prepared by adding 0.1057 g sodium arsenate (50.8 ppm arsenic).

Splits of each spiked sample were acidified (one with HC1, the other with HNO3) and both acidified
and unacidified samples were analyzed for total arsenic by ICP and speciation by HPLC.
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RESULTS AND DISCUSSION

ICP Analyses

ICP analysis of the standard solution indicated 185 and 186 ppm total arsenic in the samples
acidified with HNO3 and HCI, respectively. The unacidified sample developed a total arsenic
content of 186 ppm. These results represent a 96% recovery of the expected total arsenic of 194
ppm in the standard. The results from this series of analyses indicate ICP will detect and recover
both inorganic and organic-arsenic components in a standard solution of arsenic analytes in DI
water. Acidification of the sample did not affect the analysis.

ICP analysis of the 1.75 VV effluent composite indicated an average total arsenic content of 109
ppm. Analysis of the unacidified sample indicated 109 ppm, while the samples acidified with
HNO3 and HCI exhibited 108 and 110 ppm total arsenic, respectively. This test was conducted to
provide a baseline arsenic concentration for the dilution/spike-recovery studies discussed below

The results of the dilution/spike-recovery tests are summarized in Table 33. In these tests, the 1.75
VV effluent composite solution was diluted with DI water to produce three dilutions with calculated
total arsenic levels of 82, 55 and 29 ppm. These solutions were in turn spiked with inorganic or
organic constituents.

enoi—io

Table 33. Results of Spike-recovery Tests with Composite Effluent
Containing 109 ppm Total Arsenic (by ICAP)

Spike Sample Composite
Dilution and Spike

Component
3:i Composite:DI Water plus
94.9 ppm As from MSMA
Total Arsenic, ppm As
1:1 Composite:DI Water plus
49.1 ppm As from DMA
Total Arsenic, ppm As
27:73 Composite:DI Water
plus 50.8 ppm As from
Arsenate
Total Arsenic, ppm As

Calculated Arsenic froim
ICP Head of 1.75 W

ppm AS
177

103

80

ICAP, ppm As
HNO3
mnmavmi165

105

87

BBmBillllllll II III Illl

F-"l
HHHW11165

105

86

IWBUtBiai

No
Acid

"167™

106

86

mcmtmwinifc

% Recovery
of Arsenic

94

102

108
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The 3:1 (composite:DI) dilution was spiked with 0.108 g MSMA (94.9 ppm arsenic) to produce a
solution with an expected total arsenic content of 177 ppm. ECP analysis of the acidified and
unacidified splits indicated an average arsenic concentration. of 166 ppm. This represents an
acceptable recovery of 9491?. No matrix interferences are indicated.

The ( 1 : 1 composite:DI) dilution was spiked with DMA (49.1 ppm arsenic) to produce a solution
with an anticipated total arsenic content of 103 ppm. ICP analyses of the splits indicated an
average content of 105 ppm, an arsenic recovery of 102%. Again, no matrix interferences are
indicated.

The (3:1 composite:DI) dilution was spiked with sodium arsenate to produce an expected total
arsenic content of 80 ppm. The results of the ICP anajysis indicated an average arsenic content
of 86 ppm, an acceptable total recovery of 108%. The results from this test also indicate no matrix
interferences with the ICAP total arsenic analysis.

The results indicate that the ICP analytical method provides excellent recovery of both inorganic
and organic arsenic compounds. No matrix interferences were indicated in the analyses of Crystal
Chemical site water. Acid preservatives had no effect on the analytical results.

CO!>-
COO

HPLC Analyses

The HPLC analyses of the standard and spiked solutions indicate poor recovery of arsenic-spiked
solutions (in some cases greater than 200%), and no changes were detected in the distribution of
arsenic species. A summary of the HPLC speciation and calculated total arsenic results is provided
in Table 34.

The results of the HPLC speciation analysis of the standard solution. Table 35, indicate a high bias
for the determination of MMA and low recoveries of DMA and arsenate. The analysis also
misidentified arsenite in the standard solution.

HPLC provided a similar distribution of arsenic compounds in nearly all of the speciation analyses
conducted during this project. Indeed, even the spike solutions (which were prepared to provide
differing distributions of the arsenic compound) demonstrated similar arsenic distributions. These
results indicate that the HPLC method does not provide a representative accounting of arsenic
compounds.
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Table 34. Results of IIPLC Spike-Recovery Tests
45

Standard Solution
Total Arsenic
MSMA
DMA
Arsenate
Arscnilc

1.75 VV Solution
Toul Arsenic
MSMA
DMA
Arsenate
Arscnitc

3: 1 1.75 VV:DI Water
plus 94.9 ppm As from MSMA

Total Arsenic
MSMA
DMA
A 'sen sic
Arscnitc

1;1 1.75 VV:DI Water
plus 49.1 ppm As from DMA

Toul Arsenic
MSMA
DMA
Arsenate
Arscnitc

27:73 1.75 VV: DI Water
plus 50.8 ppm As from Arsenate

Total Arsenic
MSMA
DMA
Arsenate
Arscnilc

Calculated
ppm As

194
94.9
49.1
50
0

Calculated Arsenic from
ICP Head, ppm As

109

177

103

80

Average ICP
ppm As

186

109

166

105

86

Speclatlon Results,
HNOj

183.8
155.2
4.5
18.3
5.8

406.7
323.3
11.7
56.3
15.4

277.2
225.8

7.3
33.8
10.3

282.9
216.2
15.1
36.9
14.8

328.2
261.0
10.7
40.2
16.3

HCI

196.8
155.6
8.4

21.7
11.1

440.6
356.5
16.0
44.5
23.6

374.9
282.5
15.0
44.0
33.4

418.8
328.1
12.4
58.2
20.0

487.7
376.8
20.2
57.3
33.4

pro As
No Acid

148.5
114.9
8.8
16.7
8.1

429.6
331.8
14.4
56.3
27.1

558.7
429.7
23.0
81 .8
24.3

379.1
295.9
14.7
48.4
20.1

494.3
365.7
23.8
69.6
35.2

Distribution of Species, %
HN03

84
2
10
3

79
3
14
4

81
3
12
4

76
5
13
5

80
3
12
5

HCI

79
4
11
6

81
4
10
5

75
4
12
9

78
3
14
5

77
4
12
7

No Acid

77
6n
5

77
3
13
6

77
4
15
4

78
4
13
5

74
5
14
7

Hazen Research. Inc. 010379
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The HPLC results of the standard solution analysis indicate that the calculated total arsenic of the
acidified samples were within 10% of the target value of 194 ppm. The calculated total arsenic
from the unacidified sample, however, was approximately 24% below the target level.

Ooomoi—io

Table 35. HPLC Speciation of Standard Solution

Component
^^^^^^^ îlMlflffW nmmmniB!

MMA
DMA

Arsenate
Arsenite

Actual Arsenic in Standard
Solution, % Total Arsenic

50
25
25
0

Average HPLC Speciation of
Standard Solution, % Total Arsenic

80
' 4
11
5

The HPLC derived total arsenic concentrations from the spiked solutions were all much greater than
levels indicated by ICP analyses. The HPLC procedure also did not provide acceptable recovery
of dilution and spike components.

The results from this series of tests indicate serious problems in the HPLC analyses for the
Speciation of organic and inorganic arsenic compounds. The analytical laboratory has been
contacted to resolve the problem.

Hazen Research, Inc.
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TRIAXIAL, BACK-PRESSURE PERMEABILITY, TX/Pbp
ASTM D 5084



PERMEABILITY TEST - BACK PRESSURE SATURATED - FLOW PUMP METHOD

CLIENT Hazen Research, Inc.
BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.
TEST TYPE
CONF. PRES. PSF

HRI
5 - 7 . 5 '
47164-5
1C Project
TX/Pbp

720

JOB NO. 2148-03

SAMPLED
TEST STARTED
TEST FINISHED
SETUP NO.
SATURATED TEST
AT FIELD MOIST.

OOmo

02/27/94 DCW
03/05/94
14S
Yes
No

MOISTURE/DENSITY
DATA

Wt. Soil + Moisture (g)
Wt. Wet Soil & Pan (g)
Wt. Dry Soil & Pan (g)
Wt. Lost Moisture (g)
Wt. of Pan Only (g)
Wt. of Dry Soil (g)
Moisture Content %
Wet Density PCF
Dry Density PCF

BEFORE
TEST

AFTER
TEST

437 .2
444.5
347 .3

97 .2
7 . 3

340.0
23 .6

122.2
95 .0

444 .4
451 .7
347. :i
104.4

7 . 3
340 .0

3 0 . 7
122 .4

9 3 . 6

Init. Diameter (in) 2 .405
Init. Area (sq in) 4 .543
Init. Height (in) 3 .001
Vol. Bef. Consol. (cu ft) 0 .00789
Vol. After Consol. (cu ft) 0.00800
Effective Porosity % 46 .04
Constant Head (PSI)

(cm)
(sq cm)

(cm)

(cm)

6 . 109
29 .3 10

7 .623

0.00

FLOW PUMP CACULATIONS

Pump Setting
Velocity (cm/a)
Q (cc/s)
Height
Diameter
Pressure (psi)
Area after consol. (cm*cm)
Gradient
Permeability Jc (cm/a)
Back Pressure (psi)
Cell Pressure (psi)
Ave. Effective Stress <psi)

49 ,0
3.21E-04
1 .03E-05

2 . 9 9 0
2 .427
3 .960

29 .844
3 6 . 6 6 0

9.4E-09

88 .0
93 .0

3 .020

ADVANCED TERRA TESTING, INC.



TRIAXAL COMPRESSION TEST DATA

CLIENT Hazen Research, Inc. JOB NO. 2148-03

BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.
TEST TYPE
CONP. PRES. PSF

HRI
5 - 7 . 5 '
47164-5
1C Project
TX/Fbp

720

SAMPLED
TEST STARTED
TEST FINISHED
SETUP NO.
SATURATED TEST
AT FIELD MOIST.

SATURATION DATA

Cell Back
Pres. Pres.
(PSI) (PSI)

40 .0 38 .0
50 .0 48 .0
60.0 5 8 . 0
70.0 68 .0
80.0 78 .0
90.0 88 .0

100.0

Initial Height
Height Change
Ht. After Cons.
Initial Area
Area After Cons.

Burette
Reading

<CC)
Close Open

1 .2 7 .8
7 . 6 8 . 2

6 . 1 6 .7
5 .4 6 . 1
5 . 6 5 . 6

CONSOLIDATION

Elapsed SQRT
Tirne Time
(Min) (Min)

0.00 0 .00
0 .25 0 .50
0.5 0 .71

1 1 *00
2 1 .41
4 2 .00
9 3 ,00

60 7 . 7 5

240 15 .49
360 18 .97

(in) 3 .001
(in) 0.011
(in) 2 .990

(aq in) 4 .543
(sq in) 4 .626

Pore
Pressure

(PSI ) Change
Closet Open

3 9 . 2 4 7 . 6 8 . 4
4 9 . 3 5 7 . 9 8 . 6
59 .4 68 . 5 9 . 1
6 9 . 5 7 8 . 7 9 . 2
79.4 88 .7 , 9 .3
89 .3 98 .9 9 .6

DATA

Burette Volume
Reading Defl.
(CC) (cc)

5 .60 0 .00
5.88 -0.28
5.88 -0.28
.5.88 -0.28
5.90 -0 .30
5.90 -0.30
5.90 -0.30

6.00 -0.40

6.10 -0.50
6.10 -0 .50

Init. Vol. (CC)
Vol. change (CC)
Call Exp. (CC)
Net Change (CC)
Cons. Vol. (CC)

oo
o1—I
O

02/27/94 DCW
03/05/94
14S
Yes
No

0 .84
0 .86
0.91
0 .92
0 .93
0 .96

223 .44
6.25
9 .50

-3.25
226.69

ADVANCED. TERRA TESTING, INC.
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CONSOLIDATION DATA
HRI # 47164-5 O 720 psf Conf.

0

-0.1

0.2

-0.3

-0.4

-0.5

-O.i

-Q-
2 4 9

-B
6d

-e-
24d

-a—
360

0 2 4 6 8 10 12 14 16 18 20

SQUARE ROOT OF TIME IN MINUTES
n Time in Minutes

010386



PERMEABILITY TEST - BACK PRESSURE SATURATED - FLOW PUMP METHOD

CLIENT Hazen Research, Inc. JOB NO. 2148-03

BORING NO. HRI
DEPTH 11. Si - 13
SAMPLE NO. 471614-7

. 5 '

SOIL DESCR. 1C Project
TEST TYPE TX/Pbp
CONP. PRES. PSF 1200

MOISTURE/DENSITY
DATA

Wt. Soil •+• Moisture (g)
Wt. Wet Soil & Pan (g)
Wt. Dry Soil & Pan (g)
Wt. Lost Moisture (g)
Wt. of Pan Only (g)
Wt. of Dry Soil (g)
Moisture Content %
Wet Density PCF
Dry Density PCF

Init, Diameter (in)
Init. Area (sq in)
Init. Height (in)
Vol. Bef. Consol. (cu ft)
Vol. After Consol. (cu ft)
Effective Porosity %
Constant Head (PSI)

FLOW PUMP

Pump Setting
Velocity (cm/s)
Q (cc/s)
Height
Diameter
Pressure (psi)
Area after consol. (cm*cra)
Gradient
Permeability k (cm/s)
Back Pressure (psi)
Cell Pressure (psi)
Ave. Effective Stress (psi)

BEFORE
TEST

358 ,7
367 .3
323 .7

4 3 . 5
8 .5

315.2
13 .8

1 19.2
104.7

2.407
4 . 5 5 0
2 .520

0.00664
0.00633

35.25

SAMPLED
TEST STARTED
TEST FINISHED
SETUP NO.
SATURATED TEST
AT FIELD MOIST.

AFTER
TEST

378 .4
386 .9
323 .7

63 .2
8 .5

315.2
20 .0

131 .9
109 .9

(cm) 6.114
( sq cm) 29 .359

(cm) 6 .401

(cm) 0 .00

CACULATIONS

99 .0
6 . 48E-04
2.07E-05

2.446
2 .335
0.402

28.833
4 .549

1.6E-07

78 .0
86 .3

3.099

oomo
r-H
O

02/27/94 DCW
03/08/94
13S
Yes
No

ADVANCED TERRA TESTING, INC.



TRIAXAL COMPRESSION TEST DATA

CLIENT Hazen Research, Inc. JOB NO. 2148-03

ooOOmo
BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.
TEST TYPE
CONF. PRES, PSF

HRI
11 .5 - 13 .5 '
47164-7
1C Project
TX/3?bp

1200

SAMPLED
TEST STARTED
TEST FINISHED
SETUP NO.
SATURATED TEST
AT FIELD MOIST.

SATURATION DATA

Cell Back
Pres. Pres.
(PSI) (PSI)

40.0 3 8 , 0
50.0 48 .0
60,0 58 .0
70.0 6 8 . 0
80.0 78 .0
90.0

Initial Height
Height change
Ht. After Cons.
Initial Area
Area After Cons.

Burette
Reading

(CC)
Close Open

3. 1 1 1 .7
11.5 12 .6
13.0 13 .8
13.9 14.8
15.0 15 .8
15.7 15 .8

CONSOLIDATION

Elapsed SQRT
Time Time
(Min) {MinJ

0.00 0 .00
0,25 0.50

0.5 0.71
1 1.00
2 1 .41
4 2.00
9 3 .00

16 4.00
30 5 . 4 8
60 7 .75

120 10 .95
240 15.49
360 18 .97

(in) 2 . 5 2 0
(in) 0 .074
(in) 2 .446

(sq in) 4 .550
(sq in) 4 .469

Pore
Pressure

(PSI) Change
Close Open

3 9 . 6 4 7 . 8 8 . 2
4 9 . 6 58 .2 8 . 6
59 .4 6 8 . 6 9 .2
69 .6 78 .9 9 .3
79 .2 88 .8 9 .6

DATA

Burette Volume
Reading Defl.

(CC) (cc)
15 .70 0 .00
17.40 -1.70
17.65 - 1 .95
17.83 -2.13
18.00 -2 .30
18.15 -2.45
18.28 -2 .57
18.33 -2.63
18.40 -2 .70
18.50 -2.80
18 .60 -2 .90
18.63 -2.93
18.63 -2 .93

Init. Vol. (CC)
Vol. Change (CC)
Cell Exp. (CC)
Net change (CC)
cons. Vol. (CC)

02/27/94 DCW
03/08/94
13S
yea
No

0.82
0 .86
0 .92
0 .93
0 .96

137.94
17.28

3 .50
8 .77

179.17

ADVANCED TERRA TESTING, INC.



CONSOLIDATION DATA
HRI * 47164-7 0 1200 psf Conf.

u
-0.2
-0.4
-0.6
-0,8

u 1
1 - 1 .2
0 - 1 .4
0 - 1 .6uis - 1-8

o -2
u2 -2.2
0 2.4
> -2.6

-2.8
-3

_•* o

To.po
-

.

r
dp —
0*
— ̂
^ t9 1 ^-s-6 ^^1 30 ^±^e6C— -— —i -— H ——

120 ——— B-
240

— a
360

0 8 10 12 1 4 16 18 20

SQUARE ROOT OF TIME IN MINUTES
Q Time in Minutes

010389
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GRAIN SIZE ANALYSIS WITH HYDROMETER
ASTM D 422



MECHANICAL ANALYSIS - SIEVE TEST DATA

CLIENT Hazen Research, Inc.
BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.

HRI
1 1 .5 - 13 .5 '
47164-7
1C Project

JOB NO. 2148-03

SAMPLED
DATE TESTED
WASH SIEVE
DRY SIEVE

o
r—H
O

03/01/94 TNU
Yes
No

MOISTURE DATA WASH SIEVE ANALYSIS

HYGROSCOPIC Yes

NATURAL No

Wt. Wet Soil & Pan (g)
Wt. Dry Soil S Pan (cj)
Wt. Lost Moisture (g)
Wt. of Pan Only (g)
Wt. of Dry Soil (g)
Moisture Content %

Wt. Hydrom.
Wt . Hydrom .

Sieve

Sample
Sample

Pan

Wet (g)
Dry (g)

Indiv.
Number Weight Wt. + Pan
(Size)

1 1/2"
3/4"
3/8"
#4
#10

#20
#40
#60

#100
#200

<g >
0.00
0.00
0.00
0 .00
0.00

1 .56
1 .55
1.56
1 .54
1.57

<g >
0.00
0.00
0.00
0.00
0.00

1 .71
1 .65
4.39

22 .24
21.14

52 .6 1
52.01

0 .60
3 .55

48 .46
1.2

60.22
59.48

Indiv.
Wt.

Retain.

0.00
0.00
0.00
0.00
0.00

0. 15
0, 10
2.83

20 .70
19.57

Wt. Total Sample
Wet (g)

Weight of + #10
Before Washing (g)
Weight of •*- #10
After Washing (g)
Weight of - #10

Wet (g)
Weight of - #10

Cum.
Wt.

Retain..

0 .00
0.00
0.00
0 .00
0.00

0. 15
0 .2S
3.08

23 .78
43.35

Wt. Total

calc. wt.
Calc. Mass

Cum.
%

Retain.

0 .0
0 .0
0 . 0
0 .0
0 .0

0.3
0 . 4
5 .2

40.0
72.9

Dry <g>
Sample
Dry (g)
"W" (g)
+ #10

%
Finer
By Wt,

100.0
100.0
100.0
100.0
100.0

9 9 . 7
99 .6
94 .8
60 .0
27.1

60.22

0.00

0.00

60.22

59 .48

59 ,48

59 .48
0.00

ADVANCED TERRA TESTING, INC.



HYDROMETER ANALYSIS - SEDIMENTATION DATA

CLIENT Hazen Research, Inc.
BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.

HRI
11 .5 - 13 .5 '
47164-7
1C Project

JOB NO. 2148-03

SAMPLED
DATE TESTED
WASH SIEVE
DRY SIEVE

o
T-Ho

03/01/94 TNU
Yes
No

Hydrometer #
Sp. Gr. of Soil
Value of "a"
Deflocculant
Defloc. Corr'n
Meniscus Corr'n

ASTM 152 H
2 . 6 5
1 .00

Sodium Hexametaphosphate
S .O

-1.0

Temp., Deg. C 24.0
Temp. Coef. K 0.01301
Wt. Dry Sample "W 59 .480
% of Total Sample 100.0

Elapsed Hydrometer Reading
Time Original Corrected
(rain) *R" lOORa/W

% Effective Grain
Total Depth Diameter

Sample L (mm)
0 .0
0 .5
1 .0
2 .0
5 .0

15 .0
30 .0
60.0

120.0
250 .0

1440.0

—
21 .00
18.00
17.00
16.00
16.00
15,25
15 .00
14.50
14.00
13 .50

—
15,00
12,00
11 .00
10,00
10 .00

9 .25
9.00
8 .50
8.00
7 . 5 0

—
25 .2
20.2
13 .5
16 .8
16 .8
15 .6
15. 1
14.3
13.4
12 .6

—
25 .2
20 .2
18.5
16.8
16.8
15 .6
15.1
14.3
13.4
12 .6

— •
12 .85
13.34
13.50
13 .67
13 .67
13 .79
13.83
13.91
13 .99
14.08

—
0.0659
0.0475
0.0338
0.0215
0.0124
0.0088
0.0062
0.0044
0.0031
0.0013

Grain Diameter « K* {SQRT(L/T) )

ADVANCED TERRA TESTING, INC.
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MECHANICAL ANALYSIS - SIEVE TEST DATA

CLIENT Hazen Research, Inc.
BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.

HRI
5 - 7 . 5 '
47164-5
1C Project

JOB NO. 2148-03

SAMPLED
DATS TESTED
WASH SIEVE
DRY SIEVE

mo
f-H
O

03/01/94 TNU
Yea
No

MOISTURE DATA WASH SIEVE ANALYSIS

HYGROSCOPIC Yes

NATURAL No

Wt. Wet Soil & Pan (g)
Wt. Dry Soil & Pan (g)
Wt. Lost Moisture (g)
Wt. of Pan Only (g)
Wt. of Dry Soil (g)
Moisture Content %

Wt . Hy drom .
Wt. Hydrora.

Sieve

Sample
Sample

Pan

Wet (g)
Dry (g)

Indiv.
Number Weight Wt* -*• Pan
(Size)

1 1/2"
3/4"
3/8"
#4
#10

#20
#40
#60

#100
#200

(9)

0.00
0.00
0.00
0.00
0.00

1 *57
1 .30
1 .56
1 .55
1 .56

(g)

0.00
0.00
0.00
0.00
0.00

1 .61
1 .33
2 .47
5 .44
3 .9 1

52 .87
50.42

2 . 4 5
3 . 5 3

46 .39
5 .2

55 .27
52 .53

Indiv.
Wt.

Retain.

0.00
0.00
0.00
0.00
0.00

0.04
0.03
0.91
3 .89
7 . 3 5

Wt. Total Sample
Wet (g)

Weight of + #10
Before Washing (g)
Weight of + #10
After Washing (g)

, Weight of - #10
Wet (g)

Weight of - #10

Cum.
Wt.

Retain .

0.00
0.00
0 .00
0.00
0 .00

0.04
0 .07
0 .98
4 .87

12.22

Wt. Total

calc. wt.
Calc. Mass

Cum.
%

Retain.

0,0
0 .0
0.0
0.0
0 .0

0. 1
0. 1
1 .9
9 .3

23 .3

Dry (g)
Sample
Dry (g)
"W" (g)
+ #10

Finer
By Wt.

100.0
100.0
100.0
100.0
100.0

9 9 . 9
9 9 . 9
98 . 1
90 .7
7 6 * 7

55.27

0.00

0.00

55 .27

52 .53

52 .53

52 .53
0.00

ADVANCED TERRA TESTING. INC.



HYDROMETER ANALYSIS - SEDIMENTATION DATA

CLIENT Hazen Research, Inc.

BORING NO.
DEPTH
SAMPLE NO.
SOIL DESCR.

HRI
5 - 7 . 5 '
47164-5
1C Project

mo
JOB NO. 2148-03

SAMPLED
DATE TESTED
WASH SIEVE
DRY SIEVE

03/01/94 TNU
Yes
No

Hydrometer #
Sp. Gr. of Soil
Value of "a"
Deflocculant
Defloc. Corr'n
Meniscus Corr'n

ASTM 152 H
2 .65
1 .00

Sodium Hexametaphosphate
5 .0

-1 .0

Temp., Deg. C 24 .0
Temp. Coef. K 0.01301
Wt. Dry Sample "W 52 .526
% of Total Sample 100.0

Elapsed Hydrometer Reading %
Time Original Corrected Total
(min) "R" lOORa/W Sample

0.0

Effective Grain
Depth Diameter

L (mm)

1 .0
2 . 0
5 . 0

15 .0
30.0
60 .0

120.0
250 .0

1440.0

45.00
40.00
37 .50
36 .50
35 .00
34.00
32 .50
31 .00
29 .00

39 .00
34.00
31 .50
30,50
29 .00
28 .00
26 .50
25.00
23 .00

74.2
64 .7
60.0
58. 1
55 .2
53 .3
50.5
47 .6
43 .8

74.2
64.7
60.0
58 . 1
55 .2
53.3
50.5
47 .6
43 .3

8.91
9 .73

10.14
10.30
10 .55
10.71
10 .96
11.21
11 .53

0.0388
0.0287
0.0185
0.0108
0.0077
0 .0055
0.0039
0.0028
0.0012

Grain Diameter = K* {SQRT(L/T) )

ADVANCED TERRA TESTING, INC.
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APPENDIX B

ASTM: Test Procedure and Equipment Description
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Designation: D 4874 - 89

Standard Test Method for
Leaching Solid Waste in a Column Apparatus1
This standard is issued under the iixed desienatiun O 4H74-. the number immcdtatclv following the desiznation indicates the vear of
• inamal adoption or. in ihecase oi revision, the \car ol'lasi revision. A number m pareniheses indicates the vcar oi last rcapproval. A
••upcrscnpi cpsiton m indicates an editonal criuneu since the last revision or rcapproval.

OOONroo

I. Scope
1.1 This test method is a standard laboratory procedure

Tor generating aqueous leachates from waste materials using
a column apparatus. Analysis of column eifluent can provide
information on the leaching characteristics of waste under
the conditions used in the test.

1.2 This test method provides for the passage of an
aqueous fluid (for example, distilled water) through materials
of known mass in a saturated upflow mode.

1.3 This test method is not intended to produce results
which will be used as the sole basis lor (a) the engineering
design of a landfill disposal site, or (/>) the classification of
wastes based on leaching characteristics.

1.4 [t is intended that the material used in the procedure
be physically, chemically and biologically representative of
the form in which it will be landfilled.

1.5 This test method may not be: applicable to materials
with (a) low permeability that result in excessively long
testing periods, (b) materials that are physically affected by
the ascending mode of operation, nor (c) materials that
change physically over time, for instance self-hardening
materials.

1.6 This test method is not designed to produce a leachate
that can be meaningfully characterized with respect to total
suspended solids.

1.7 This test method is not applicable to the characteriza-
tion of wastes with regard to the leaching of volatile
compounds, and may not be applicable with regards to the
leaching of nonvolatile organic chemicals due to the poten-
tial for leaching from, or sorption. or both onto the materials
of construction.

!.8 This test method is not applicable to the characteriza-
tion of wastes that dissolve in water to a degree that
significantly impacts the void volume in the column or the
determination of specific gravity.

!.9 The values stated in SI units are to be regarded as the
standard. The values given in parentheses are for informa-
tion only.

I.IO This standard may involve hazardous materials.
operations, and equipment. This standard does not purport to
address all of (he safety problems associated with its use. It is
[he rwptmsihility of the user of i/its standard to establish
appropriate safety and health practices and determine the
applicability of regulatory limitations prior to use.

2. Referenced Documents
2.1 ASTM Standards:
C 819 Test Method for Specific Surface Area of Carbon or

Graphite"
D698 Test Methods for Moisture-Density Relations of

Soils and Soil Aggregate Mixtures Using a 5.5 Ib (2.49
kg) Rammer and a 12-inch (305 mm) Drop3

D854 Test Method for Specific Gravity of Soils-5

D I 125 Test Methods for Electrical Conductivity and
Resistivity of Water4

D 1129 Terminology Relating to Water*
D 1193 Specification for Reagent Water1
D 1293 Test Methods for pH of Water4
DI498 Practice for Oxidation-Reduction Potential ofWater1
DI888 Test Methods for Paniculate and Dissolved

Matter, Solids or Residues in Water4
D2049 Test Method for Relative Density of Cohesionless

Soils5
D22I6 Test Method for Laboratory Determination of

Water (Moisture) Content of Soil. Rock, and Soil-
Aggregate Mixtures-1

D2434 Test Method for Permeability of Granular Soils
(Constant Head)3

D3370 Practices for Sampling Water4

D3694 Practices for Preparation of Sample Containers
and for Preservation of Organic Constituents"

E 122 Practice for Choice of Sample Size to Estimate a
Measure of Quality for a Lot or Process7

E 691 Practice for Conducting an Interiaboratory Study to
Determine the Precision of a Test Method7

2.2 Other Standard:
EMI1 IO-2- I906 Army Corps of Engineers Failing Head

Permeability Test*

3. Terminology
3.1 Definition:
3.1.1 void volume—the volume between the solid panicles

in a bed of granular material. Also called the interstitial
volume.

3.2 Several terms used in this tost method are defined in
Terminology D 1129.

Hm ICM method is under the jurisdiction ni ASTM Committee D-.W on
ibOOiui and is the direct responsibility LI Subcommittee D.U.02 on

Physical and Chemical Characterization.
Current edition approved March 6. 1"S9. Puhlisiicd May H89.

: Discontinued, sec ISWX edition ut Vni 15 .0 1 .1. lamtat B**tk <tt ,>\ST\t Standards, Vol 04.08.
*.\nmiai BtMtk <>t'.-liT.I/Standards. Vol | t.UL
* Discontinued. See .Innitai JlimJc ni .f.ST.l/ Statiaartis, Vol 04.08.
".Innnai M nt j.iT.1/Standards. \\\\ 1102.
' Annual tttxtfc trt AXTM Standards. Vol U.U2.
"* Available I'rom Department ot the Army. Office of Chief or'

Washington. DC 20314.
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wusto. the end plates should contain eiiiht cveniy spaced
radial grooves iAJ mm ('A inj wide and .VI mm {'A in.)
deep) extending irom the hole m the center of the plate to the
edge of the How distribution disk.

5 . 1 .5 The end piates are attached to the cylinder by eight
6.3-mm C/i-in.) threaded rods as shown in Fig. 1. or by other
means ensuring a secure attachment of the end plates to the
column.

5 . 1 . 6 All tubing used with acrylic columns should be
6.3-mm CA-in.l outside diameter polyethylene.

5 . 1 . 7 The assembled acrylic column apparatus is shown in
Fig. 1.

5.1.8 The column, end piates. How distribution disks, and
gaskets may be constructed of materials other than those just
specified where necessary to ensure compatibility between
the column apparatus and the waste, or effluent, or both. If
alternative materials of construction are used, they must be
described in the report.

5.2 Pressurized Reservoir Vessel is used to contain the
aqueous fluid used to generate leachate. This usually is a
column identical to the leaching column with the exception
of the diffusion disks which are not required. A port at the
top may be helpful during refilling.

5.3 Balance. 10-kg capacity, with a I-g sensitivity.
5.4 Compressed Gas Source (prepurified nitrogen or

argon with a two-stage delivery regulator (0-345 kPa (0-50
psig)), and a pressure gauge capable of measuring the
pressure in the head space of the liquid reservoir to within
±6.895 kPa( l psig).
6. Reagents and Materials

6.1 Purity of Reagents—Reagent grade chemicals snail be
used in all tests. Unless otherwise: indicated, it is intended
that ail reagents conform to the sipeciflcations of the Com-
mittee on Analytical Reagents of the American Chemical
Society, where such specifications are available.10 Other
grades may be used, provided that it is first ascertained that
the reagent is of sufficiently high purity to permit its use
without lessening the accuracy of the determination.

6.2 Purity of Water—Unless otherwise indicated, refer-
ences to water shall be understood to mean reagent water as
defined by Type IV Reagent Water. Specification D 1 1 93 .
7. Safety Hazards

7.1 The general operating pressure should not exceed 345
kPa (50 psig) for a 10!.6-mm (4-in.) diameter acrylic
column.
8. Sampling

3.1 A representative sample of the waste to be tested snail
be obtained using ASTM sampling methods developed for
the specific waste, where available.

8.2 Where no specific methods are available, sampling
methods lor materials of physical form similar to the waste
shall be used.

'""Reagent Chemicals. American Chemical Society Specifications." Am.
Chemical Sue.. IVjshinglon. DC. For suggestions on the testing of reagents nut
lisicd by the American Chemical Society, see "Rodent Chemicals and Standards."
hy Joseph Rostn. D. Van N cut rand Co.. Inc.. .Vew York. NY. and (he "United
States Pharmacopeia."

•S .3 A minimum sample of 5000 g. or three colur
volumes, whichever is larger, shall be sent to the laboratc
(see Practice £ 122) for each column.

S.4 Samples must be kept in closed containers appropns
to the sample type and otherwise protected if necessary pn
to testing 10 prevent sample contamination or constituc
change or loss. Where it is desired to test biologically
chemically active samples in their existing state, any samp
storage required should be at 4'C (Practices D 3370) and tf
leaching should be started within 8 h. Where appropriate, it
tester may alter the sample before leaching to simulate tr
results of biological or chemical activity in the field. Recor
the storage conditions and handling procedures in the repor

9. Preparation of Apparatus
9.1 The assembled apparatus is shown in Fig. I.
9.2 Column preparation procedures arc specified in 10.2
9.3 When filling the acrylic column with fine graincc

material, it may be necessary to secure the bottom end plait
to the column with the gasket in place to prevent the waste
material from becoming trapped underneath the gasket
creating a potential for leakage. By placing a 101.6-ma
f4-in.) inside diameter pipe-riser clamp over the waste
column, a temporary anchor point is obtained for two
threaded rods as shown in Fig. 2.

110. Procedure
10.1 Preparation of Waste for Leaching:
1 0 . 1 . 1 Prepare a sample of waste in a manner which

simulates the state the waste is in or will be in as it undergoes
leaching in the field. Preparation of the waste may include
such factors as curing, and adjustment of moisture contenr.
and density. For such adjustments, the following procedures
can be used where appropriate.

I O.I.2 Moisture Content—Adjust the moisture content to
[hat expected in the field by dewatering or the addition of
wiiter. Use water of the same quality as that used to saturate
and leach the waste. If drying is required, select drying
conditions that are appropriate to the waste and disposal
scenario of interest. For most purposes, use drying tempera-
tures of less than 60*C. Higher temperatures may cause
excessive loss of the water of hydration of some substances. If
the waste is being disposed of in a very dry state, as flyash
might be. it may be appropriate to subject the sample to
drying temperatures of greater than 60*C before placement
in the column. Determine the moisture content of the waste
as it is placed in the column using Method D 2216 and an
appropriate drying temperature. (See Note on oven-drying in
Test Method D2216. )

10 . 1 . 3 Density—Density is to be adjusted by vibration
(see Test Method D 2049) or compaction (see Test Methods
D698) to the anticipated Held density. Pack the waste
material in the column so that uniform density is achieved.
This can be checked by visual observation of the waste in ine
transparent column.

I O.I.4 Curing—For those materials that undergo physical
or chemical changes with time, curing for sufficient duration
and under appropriate conditions, depending on the waste to
be tested, may be accomplished in the field before testing or
in the column to produce a physical and chemical state
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|gjg| Industrial Compliance
^SisS? A Subsidiary of SP Environmental Systems, inc.

—— - — - m if fl|
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
SORING LOCATION: TRANSECT LINE 1. WESTERNMOST

WELL

START DATE: 9/26/94 FINISH DATE: 9/27/94
START TIME: 0900 FINISH TIME: 0930
SAMPLER

TYPE
SAMPLE NO.A DEPTH CVA

READING
SPT

RECOVERY

70%

100%

50%

DEPTH
IN FEET

25

30

35

AQ

SOILGRAPH

CH

ML

CL

ML/
SM

SM

LOG OF BORING NUMBER T1-A
5* SHEET NUMBER 1 OF 2
II LOCATION DIAGRAM:

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS *— i
SAMPLER. 2* SPLIT SPOONS 2

M
Q

SURFACE ELEVATION: ^
WATER LEVEL:
TIME:
DATE:

^ — >

SOIL DESCRIPTION AND DRILLING CONDITIONS

24'-24'4" RAILROAD BALAST AND DARK GRAY STIFF CLAY
24'<-25' LIGHT GREEN TO TAN SILTY STIFF CLAY (CH) SOME

CALCAREOUS NODULES
25'-27" SAME AS ABOVE, INCREASING SILT AND A TRACE OF VERY FINE

SAND, LARGE CLACAREOUS NODULE AT 26'9"
27'-27'6" LIGHT GREEN TO TAN, CLAYEY SILT (ML)

GRADING TO SANDY CLAYEY SILT (ML)AT BASE
27'6"-29' NO RECOVERY

29'-29'6: SAME AS ABOVE (ML)
29'6"-30' TAN TO BROWN SiLTY CLAY (CL)
30'-3Ver LIGHT GREEN TO TAN CLAYEY SANDY SILT (ML/SM)

VERY FINE SAND INCREASING WITH DEPTH, CALCAREOUS
NODULES

3V6T-331 SAME AS ABOVE NO CALCAREOUS NODULES
33' -33*6" RUST TO LIGHT GREEN VERY FINE SANDY SILT TO SILTY

SAND, TRACE OF CLAY (SM)
WATER SATURATED AT 33*5"

33'5"-34' SAMPLE STUCK IN SLEEVE. BASAL PORTION OF INTERVAL IS A
LIGHT GREEN TO RUST VERY FINE-GRAINED SILTY SAND (SM)

34'-36'6" TAN VERY FINE-GRAINED SILTY SAND (SM)
GRADING TO A LIGHT GREEN RUSTY TAN SAND. SLIGHT INCREASE
IN GRAIN SIZE WITH DEPTH. CALCAREOUS NODULES IN BASE.

36T-39* NO RECOVERY

UAafctu mteuuwi
PIASTK UNER.
COULD BE CLAY— fttte —————

34'-39' INTERVAL; UPPER V CONTAINS 5-10% MEDIUM SAND
TO GRAVEL FINER GRAINED LENSE AT 35'. 3" OF SAND AS
IN UPPER 1' BELOW FINE LENSE, 35'6" TO 36*6" BECOMES
FINER

GEOLOGIST: JOHN NORMAN
CHECKED BY: ^4* DATE:
DRILLING CONTRACTOR: LAYNE ENV1RONME:NTAL SERVICES, INC.



||P| Industrial Compliance
^^&r A Subiidtafy of SP Environmental Sy*temtt Inc. .-•.; —— --.

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT UNE 1, WESTERNMOST

WELL

START DATE: 9/26/94 FINISH DATE; 9/27/94
START TIME: 0900 FINISH TIME: 0930

SAMPLERTYPE

«

SAMPLE NO.it DEPTH OVA
READING

SPTRECOVERY

40%

4055

20?C

100%

DEPTHIN FEET

45

50

55

SOILGRAPH

SM

SP

FINER
COARSl

SP

CH

LOG OF BORING NUMBER T1-A
g f* L J|f SHEET NUMBER 2 OF 2

==E=̂ ^B=|̂ g LOCATION DIAGRAM:

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS <-\|
SAMPLER, 2' SPLIT SPOONS OXTO
SURFACE ELEVATION: ^
WATER LEVEL ^
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
LIGHT GREEN TO TAN VERY FINE SiLTY SAND (SM) TO SANDY SILT,
CLAY BALL AND CLAYEY THROUGHOUT. UPPER 6" 1-5% COARSE MATERIAL
4V-42* NO RECOVERY

SAME AS ABOVE

SAME AS ABOVE, COLOR CHANGE TO REDDISH TAN WITH NO CLAY
STIFF VERY SILTY
TAN VERY FINE-GRAINED SAND (SM). BASAL PORTION CONTAINES PARTILLY
CEMENTED SAND AND SILT LAMINATION
PUSH 2. 2* SPUT SPOONS
NOTABLE GRIAN SIZE INCREASE AT BASE OF 2nd SPLIT SPOON. LIKELY
THAT DEPTH WAS AT OR BELOW 49'

TAN MEDIUM TO FINE-GRAINED SAND (SP)
R

5Q'-54' NO RECOVERY

54'-56'.5' RED STIFF CLAY (CH)

TD 56.5*

GEOLOGIST: JOHN NORMAN
CHECKED BYi^^C DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-2P|



jlj& Industrial Compliance
^S^ * Subsidiary of SP Environmental Systwrw, Ire.

LOG OF SORING NUMBER T1 -B

LOCATION DIGRAM.

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 1. 20' EAST OF

WESTERNMOST WELL

START DATE: 9/27/94 FINISH DATE: 9/27/94
1050 FINISH TIME: 1650

SAMPLERTYPE

*

SAMPLE NO.& DEPTH OVA
READING

SPT
RECOVERY

50%

50%

100%

90%

DEPTH
IN FEET

25

30

35

40

SOILGRAPH

CH

CL/ML

SM

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS o
SAMPLER, 2* SPLIT SPOONS ^tO•• - . _ , „, , . , , , . • — *
SURFACE ELEVATION: O
WATER LEVEL-
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

24'-26.5' LIGHT GREEN TAN AND RUST MOTTLED STIFF S1LTY CLAY (CH)
WfTH CALCAREOUS NODULES AND Fa CONCRETIONS
TRACE OF VERY RNE-GRAINED SAND

26.5'-29' NO RECOVERY

SAME AS ABOVE, INCREASING SILT AND VERY FINE-GRAINED SAND

3V-31.5* LIGHT GREEN TO TAN SILTY CLAY TO CLAYEY SILT
LOW STIFF (CL/ML)
31.5'-34' NO RECOVERY

SAME AS ABOVE (CL/ML) 1

35'-36.5' LIGHT GREEN TO TAN SILTY VERY FINE-GRAINED SAND (SM)
TRACE OF CLAY. WATER SATURATED AT 35'

TAN VERY FINE TO FINE-GRAINED SILTY SAND (SM) FELDSPARS AND MICAS

SAME AS ABOVE. COLOR CHANGE TO LIGHT GREEN AND RUST, SLIGHT
DECREASE IN GRAIN SIZE
39'-»40.S' SAME AS ABOVE

GEOLOGIST: JOHN NORMAN
CHECKED BY:7^CT DATE:
DRILLING CONTRACTOR: LAYNE ENVIRON MENTAL SERVICES, INC.

E-3



j^ Industrial Compliance
^^&r A Subsidiary of SP Environmental Systims, Inc.

LOG OF BORING NUMBER T 1 -3
—— . . . . . . . . . .,- - —— m f -ff SHEET NUMBER 2 OF 2

^^fefcjlf LOCATION DIAGRAM:

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201 724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
SORING LOCATION: TRANSECT LINE 1. 20' EAST OF

WESTERNMOST WELL

START DATE: 9/27/94 FINISH DATE: 9/27/94
1050 FINISH TIME: 1650

SAMPLER
TYPE

'

SAMPLE NO.& DEPTH
OVA

READING
SPT

RECOVERY

65%

100%

100%

100%

50%

DEPTH
IN FEET

45

50

SOILGRAPH

SM

CH

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5* CONTINUOUS ^f"
SAMPLER. 2' SPLIT SPOONS 3. [

0
SURFACE ELEVATION: g
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
40.5'-41 .5* NO RECOVERY

41.5'-42.6* TAN FINE-GRAINED SILTY SAND (SM), HAS SAME GASEOUS
ODOR AS WATER FROM MW-30

42.6 >-43.75 t LIGHT GREEN TO RED VERY RNE-GRAINED SILTY SAND (SM)
AT 43..15' BECOMES LIGHT GREEN WITH CALCAREOUS
NODULES

43.75'-44* LIGHT RED TO PINK FINE-GRAINED SILTY SAND (SM)
44' -46.5' UGHT PINKISH TAN TO GREEN FINE-GRAINED SILTY SAND

SLIGHT INCREASE IN GRAIN SIZE

46.5-47* LIGHT TAN VERY FINE SILTY SAND (SM/SLOUGH)
47*-48.75' REDDISH BROWN FINE-GRAINED SILTY SAND (SM)

4S.75'-4g' PARTIALLY CEMENTED SAND AND SILT FRAGMENTS
STIFF RED CLAY AT BASE

RED STIFF CLAY (CH)

TC 50'

GEOLOGIST: JOHN NORMAN
CHECKED BY:^5£. DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.



1 Unfa Industrial Compliance
* ^m^ * Subsidiary of SP Environmental Systems, Inc.

a
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION:

START DATE: FINISH DATE:
START TIME: FINISH TIME:

SAMPLER
TYPE

»

SAMPLE NO.i DEPTH
OVA

READING SPTRECOVERY

40%

100%

60%

55%

80%

40%

DEPTH
IN FEET

25

30

35

4O

SOILGRAPH

CH

CL/
ML
ML/
SM

SM

SP

SM

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS
SAMPLER. 2' SPLIT SPOONS

SURFACE ELEVATION:
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND

LOG OF BORING NUMBER T2-A
SHEET NUMBER 1 OF 2
LOCATION DIAGRAM:

10ÔfO
T —— IO

DRILLING CONDITIONS

TAN" STIFF CLAY (CH)
TAN LIGHT GREEN AND RUST MOTTLED SILTY FiNE SANDY STIFF CLAY (CH)
COBBLE SIZED LIGHT GREEN SAND/SILT FRAGMENTS (PARTIALLY CEMENTED)

NO RECOVERY
1

LIGHT GREEN TAN AND RUST MOTTLED SILTY SANDY CLAY TO CLAYEY SANDY
SILT (CL/ML) INCREASING GRAIN SIZE WITH DEPTH. CALCAREOUS NODULES
IN PART
UGHT GREEN TAN AND RUST MOTTLED VERY FINE-GRAINED SANDY SILT

WtTH MORE OF CLAY TO SILTY SAND (ML/SM) VERY MOIST IN UPPER PORTION
WATER SATURATED AT 31.25' SOME CLAST SUPPORTED SAND
TAN VERY RNE-GRA1NED SILTY SAND (SM) ABUNDANT FELDSPAR AND MICAS
(HIGHER PERCENT IRON THAN ???? IN TA-1) BECOMES UGHT GREEN AT BASE
WITH SOME PARTIALLY CEMENTED SAND/SILT FRAGMENTS
33*-34' NO RECOVERY
34'-35.l5 SAME AS ABOVE
35.15--36.5' NO RECOVERY

TAN SILTY FINE-GRAINED SAND GRADING TO TAN FINE TO MEDIUM-GRAINED
SAND (SM/SP) WITH DECREASING SILT

38.5' -39' NO RECOVERY

LIGHT TAN FINE 31LTY SAND AT TOP GRADING TO REDDISH TAN SILTY
SAND (SM)

GEOLOGIST: JOHN NORMAN
-dCHECKED BY: Jfa DATE:

DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.
E-5



|ip| Industrial Compliance
^QsaSr A Subsidiary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER T2-A

M f^jU LOCATION DIAGRAM:^ksEeSa
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON. TEXAS
SORING LOCATION:

START DATE: FINISH DATE:
START TIME: FINISH TIME:
SAMPLERTYPE SAMPLE NO.4c DEPTH OVAREADING

SPT
RECOVERY

40%

40%

90%

66%

40%

100%

DEPTH
IN FEET

45

50

SOtLGRAPH

CH

SP/
SM

CH

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS ^
SAMPLER. 2' SPUT SPOONS -tf-

O
SURFACE ELEVATION: £^>
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
40'-41.5' NO RECOVERY

LIGHT TAN S1LTY SAND (SM> GRADING TO RED AS IN PREVIOUS SAMPLE

REDDISH TAN FINE-GRAINED SILTY SAND (SM)

SAME AS ABOVE

47.5'-48t NO RECOVERY
REDDISH TAN FINE-GRAINED SAND (SP/SM) SILTY BUT SLIGHTLY CLEANER
THROUGHOUT
49--50.5' NO RECOVERY

RED STIFF CLAY (CH) RECOVERED 5' OF CLAY AFTER DRILLING 2.5*

TD 53*

GEOLOGIST: JOHN NORMAN
CHECKED BYr^SC DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-6



gg| Industrial Compliance
^^^ A Subsidiary of SP Environmental Systnms, Inc.

LOG OF BORING NUMBER T2-8

iii"l|B!f
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON. TEXAS
BORING LOCATION: CENTER OF RAILROAD SPUR

DIRECTLY WEST OF MW-3

START DATE: FINISH DATE:
START TIME: FINISH TIME:

SAMPLER
TYPE SAMPLE NO.it DEPTH

OVA
READING SPTRECOVERY

30%

70%

0%

50%

DEPTHIN FEET

- 25

30

35

40

son.GRAPH

CL

SM

7

SC

SM

7

SC

SP

DRILLING METHOD: HOLLOW STEM
AUGER

j>.
SAMPLING METHOD: 5' CONTINUOUS O
SAMPLER, 2' SPLIT SPOONS 3>

T—— I

SURFACE ELEVATION: ^
WATER LEVEL
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

25'-25.67' LIGHT GREEN RUST AND WHITE MOTTLED BLOCKY. LOW STIFF
CLAY (CL) TRACE OF SILT AND VERY FINE SAND. CRUMBLEY IN PART
CALCAREOUS GRAVELS AT TOP. LAMINATED IN PLACES
25.67'-26.75' LIGHT GREEN SILTY SAND (SM) CLAST SUPPORTED. LOWER T
LAMINATED, RED TAN GREEN AND WHITE SANDS SI
26.75'-30* NO RECOVERY

LIGHT GREEN RUST MOTTLED CLAYEY VERY FINE-GRAINED SAND (SC)

LIGHT GREEN SILTY SAND (SM) TRACE OF CLAY. MOIST ALMOST WATER
SATURATED
33.5'-35' NO RECOVERY

35'-37.5' NO RECOVERY

TAN SILTY CLAYEY VERY FINE-GRAINED SAND (SC) CALCAREOUS GRAVELS
THROUGHOUT
TAN FINE TO VERY FINE-GRAINED GRADING TO FINE-GRAINED SAND (SP)
SAND/SILTSTONE FRAGMENTS AT BASE
39.5* -40' NO RECOVERY

GEOLOGIST: JOHN NORMAN
CHECKED BY: /W. - DATE:
DRILLING CONTRACTOR: LAYNC ENVIRONMENTAL SERVICES, INC.
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|g| Industrial Compliance
^^^ A Subsiolary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER T2-8
• SHEET NUMBER 2 OF 2

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: CENTER OF RAILROAD SPUR

DIRECTLY WEST OF MW-3

START DATE: FINISH DATE:
START TIME: FINISH TIME:
SAMPLERTYPE SAMPLE NO.& DEPTH OVAREADING SPTRECOVERY

60%

100%

100%

DEPTHIN FEET

45

50

SOILGRAPH

SP

?

SP

SP

CH

DRILLING METHOD: HOLLOW STEM
AUGER

——————————————————————————— COSAMPLING METHOD: 5' CONTINUOUS r^
SAMPLER. 2' SPLiT SPOONS ^f". . o. .. . . .. ... . . . .__ i_*
SURFACE ELEVATION: O
WATER LEVEL
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
RED FINE-GRAINED SAND (SP) HARD SANO/SILTSTONE FRAGMENT IN
CENTER

4M.5'-42,5' NO RECOVERY

TAN AND RED FINE TO MEDIUM-GRAINED SAND (SP) TAN AND RED
CROSSBEDDING IN LOWER 20" (TAN BEDS SLIGHTLY THICKER THAN RED
BEDS) THE UPPER 16" IS A TAN VERY FINE-GRAINED SAND, POSSIBLY
SLOUGH

LIGHT GREEN TO YELLOWISH GREEN FINE TO MEDIUM-GRAINED SAND (SP)

RED AND GREEN BLOCKY CLAY (CL/CH)
GREEN SAND LENSE .5" AT BASE
RED STIFF CLAY (CH)
TD 47.5'

GEOLOGIST: JOHN NORMAN
CHECKED BY: >&£- DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.



|g| Industrial Compliance
^QsiSr A Subsidiory of SP Environmantoi Systems, Inc.

m

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY DRILLING METHOD: HOLLOW STEM
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON. TEXAS
BORING LOCATION: TRANSECT UNE 3.

MIDDLE OF RAILROAD SPUR

START DATE: 9-29-94 FINISH DATE: 9-29-94
START TIME: 1040 FINISH TIME: 1535

SAMPLERTYPE

i

SAMPLE NO.it DEPTH OVA
READING

SPT
RECOVERY

60%

1005!

152

100%

DEPTH
IN FEET

25

30

35

40

SOILGRAPH

CH

CL

SC/SP

AUGER

SAMPLING METHOD: 5* CONTINUOUS
SAMPLER, 2' SPLIT SPOONS

SURFACE ELEVATION:
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND

LOG OF BORING NUMBER T3-A
SHEET NUMBER 1 OF 2
LOCATION DIAGRAM:

i

K

O\Ô1-
O :-

O

DRILLING CONDITIONS

DARK BROWN (7.5 YR 4/4). PLASTIC. CLAY (CH) GRAVELLY ZONE FROM
24.33' TO 24.5'. COLOR CHANGE AT 25' TO STRONG BROWN (7.5 YR 4/6)
PLASTIC. CLAY W/OCC FINE GRAVEL, OCC SANDING GREENISH CLAY 1-2 MAX
.5' DARK BROWN, .5' STRONG BROWN W/ FINE GRAVEL MOTTLED GREEN

NO RECOVERY

29--29.17 1 STRONG BROWN, CLAY W/GRAVEL BECOMING SANDY
29.17'-29.58' LIGHT RED (2.5 YR 6/8) AND LIGHT OLIVE GRAY (5Y 7/3)
MOTTLED BLOCKY CLAY
29.5S'-31.58 t LIGHT GRAY TO OLIVE GRAY CLAYEY SAND (SC) GRAINS
ALMOST FLOAT. SOME AREAS SANDY CLAY OXIDIZED LAMINAE OF SAND
CARBONATE GRAVELS OCC PRESENT SANDS ARE FINE TO VERY FINE
31.5S'-33* MOTTLED. BLOCKY, MOSTLY CLAYEY SAND AS ABOVE (SC)
33'-34' LAMINATED SANDY CLAYS-CLAAYEY SANDS, SAME COLORS. OCC
GRAVEL (RAW) MORE CLAY RICH THAN ABOVE

PALE YELLOW (2.5 Y 7/4) FINE TO VERY FINE GRAINED SILTY SAND (SP)
MASSIVE, OCC HEAVY MIN-DARK W/0 STRUCTURE SM - 1WEAK LAYER
REDDISH CLAY MAYBE SH TO SL CLAST SUPPORTED < 10% FINES
34.67'-39' NO RECOVERY

.5' OF SAND IN AUGER (SLOUGH) PALE YELLOW 2.5 Y 7/4) FINE TO VERY
FINE GRAINED SAND CLAST SUPPORTED - CLEAN (SP) INTERSTITIAL LINES
< 1055 MASSIVE TO VERY WEAK BEDDING (SM)

GEOLOGIST: JOHN NORMAN
CHECKED BY:/&C • DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-9
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lH^ industrial Compliance
^^ffl A Subsidiary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER T3-A

LOCATION DIAGRAM.

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44-201724
PROJECT LOCATION: 3502 RQGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 3.

MIDDLE OF RAILROAD SPUR

START DATE: 9-29-94 FINISH DATE: 9-29-94
START TIME: 1040 FINISH TIME: 1535
SAMPLER

TYPE

»

SAMPLE NO.A DEPTH

"

OVA
READING

SPT
RECOVERY

100%

0%

40%

200%

DEPTHIN FEET

45

50

SOILGRAPH

SP

CL

CH

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS ^
SAMPLER, 2' SPLIT SPOONS ^J-O

———————————————————————————————————————— T-H
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND 'DRILLING CONDITIONS

41.5'-44' NO RECOVERY

44'-44.5* SAME AS ASOVE (SP)
44.5'-45' LIGHT GREEN TO RED MOTTLED, SANDY, SILTY CLAY (CL)
FLOATING SAND GRAINS, CALCANEOUS NODULES.
45--45.17 1 LIGHT RED TO PINK CALCANEOUS SILTSTONE PARTIALLY CEMENTED
45.17'-46,5' NO RECOVERY
46.5'-49' RED. SHIFT, CLAY (CH) RECOVERED 5'- 100% SWELL

GEOLOGIST: JOHN NORMAN
CHECKED BY:^>C DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES. INC.

E-10



J§| Industrial Compliance
^^5>̂  A Subsidiary of SP Environmental System*, inc.

JXZIl.JL"!f
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 3.

28.5' EAST OF T3A

START DATE: 9-29-94 FINISH DATE: 9-30-94
START TIME: 1700 FINISH TIME: 1 145

SAMPLER
TYPE SAMPLE NO.& DEPTH OVA

READING
SPTRECOVERY

30%

100%

40%

DEPTHIN FEET

25

30

35

- . _ _ _4Q_

SOILGRAPH

SC

CH

SC

SD

LA
MIN

AT
ION

S

SM

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS
SAMPLER, 2' SPLIT SPOONS

SURFACE ELEVATION:
WATER LEVEL-
TIME:
DATE:

SOIL DESCRIPTION AND

LOG OF SORING NUMBER T3-B
SHEET NUMBER 1 OF 2
LOCATION DIAGRAM:

l-H
i—— <
^fO1— • 1

DRILLING CONDITIONS

LAMINATED MOTTLED GRAY TO 'TAN CLAYEY SAND (SC) FINE TO VERY FINE
SAND MATRIX SUPPORTED BY PLASTIC CLAY, CLAY IS FRACTURED BLOCKY,
CONTAINS Fc OXIDES ON SOME VERTICAL FRACTURES. LAMINAE 2,5 Y 7/3
PALE YELLOW TO BROWNISH YELLOW 10 YR 6/6
25'-25.5* BECOMES MORE CLAYEY (CH)
25.5'-29' NO RECOVERY

'

PALE YELLOW (5 Y 7/3) TO PALE DIVE (5 Y 6/3) FINE TO VERY FINE,
CLAYEY, SAND (SC) FRACTURED Fe OXIDE ON FRACTURES OR POSSIBLE
ROOTS. WEAK Sp BEDDING AT SOME SCALES?.

FINE TO VERY FINE GRAINED SILTY SAND (SP) < 10% FINES SILTS
34.83'-36* LAMINATED SAND (SC) VARY FROM Snd TO CI - GRADED OCC
LAYER DARK GRAY ORGANICS

36'-39* NO RECOVERY

39'- 39.51 UGHT YELLOWISH BROWN (10 YR 6/4) FINE TO VERY FINE
GRAINED SILTY, SAND (SM)

GEOLOGIST: JOHN NORMAN
CHECKED BYiT^e. DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-11



J|kj Industrial Compliance
^^5^ A Subsidiary of SP Environmental Systnms, \t\e.

LOG Or BORING NUMBER T3~B

f i '"If LOCATION DIAGRAM-
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 3.

28.5' EAST OF T3A

START DATE: 9-29-94 FINISH DATE: 9-30-94
START TIME: 1700 FINISH TIME: 1 1 45

SAMPLER
TYPE

r

SAMPLE NO.
& DEPTH OVA

READING
SPT

RECOVERY

40%

60%

80%

DEPTHIN FEET

45

50

SOILGRAPH

CH

SC

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS T— i
SAMPLER, 2* SPLIT SPOONS 3f._._..,.. .... o* — <
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
39.5'-40.25' RED. GRAY LAMINAE. SANO TO CLAY GRADED CYCLES
5 YR 4/6 TO ?
40.25'-41.5' NO RECOVERY
41.5'-42.17' YELLOWISH (10 YR 6/6) SILTY, SAND (SP)
42.17'-42.5' LAMINATED AS ABOVE
42.5'-43* YELLOWISH RED, MASSIVE SILTY SAND (SP) (5 YR 5/6)
43'-44' NO RECOVERY

44.'-4€ § RED, BRICK, CLAY (CH) W/ LIGHT GRAY LAMINATIONS CALCANEOUS
NODULES

,

GEOLOGIST: JOHN NORMAN
CHECKED 8Y:^e DATE:
DRILLING CONTRACTOR: UAYNE ENVIRONMENTAL SERVICES, INC.

E-12



|g| Industrial Compliance
^5s5^ A Subiidiory of SP Environnwntai Systems, Inc.

-^^^fwr^r\
• .— . " " ==iî ^^^B ŝiil

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE RO,MD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 4.

54* EAST OF CPT-39

START DATE: 1 0-3-94 FINISH DATE: 10-4-94
START TIME: 1400 FINISH TIME: 1200

SAMPLER
TYPE

'

SAMPLE NO.it DEPTH
OVA

READING SPTRECOVERY

30%

100%

100%

100%

DEPTHIN FEET

5

10

15

9O_.

SOILGRAPH

CH

CL

SC/ML

CL

LOG OF BORING NUMBER T4-A
gf SHEET NUMBER 1 OF 3
I LOCATION DIAGRAM:

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS m
SAMPLER. AND 2.5' CONTINUOUS ^
SAMPLER O
SURFACE ELEVATION: ^
WATER LEVEL-
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
0-.25' WHITE TO TAN, GRAVEL SILT, AND SAND ROAD MATERIAL
.25'-1.5' DARK GRAY TO BLACK. STIFF, CLAY (CH), WiTH ROOTS
1.5'-5' NO RECOVERY

5'-10* DARK GRAY GRADING TO A GRAYISH GREEN AND TAN MOTTLED, STIFF
CLAY (CH), CALCANEOUS NODULES THROUGHOUT. FLOATING FINE TO VERY
FINE SAND GRAINS IN CLAY MATRIX TOWARD BASE

10'- 11. 5' UGHT GREEN, RED RUST AND TAN MOTTLED STIFF. CLAY (CH),
FiNE SAND AS ABOVE, BECOMING BLOCKY, GRAVELLY CALCANEOUS
NODULE ZONE AT 1 1 . 17 '
11 .5'-13.5' UGHT GREEN AND TAN MOTTLED. SILTY, VERY FINE SANDY
LOW STIFF, CLAY (CL)

13.5'-15' UGHT GREEN AND TAN MOTTLED. SILTY, CLAYEY, VERY FINE
GRAINED SAND (SC/ML) CLAST SUPPORTED SAND INCREASING WITH DEPTH.
Fc CONCRETIONS, SOME WEAK LOW ANGLE BEDDING (SI)
15'- 16.5' GREENISH WHITE TO TAN SILTY. SANDY, CLAY (CL) ABUNDANT
CALCAREOUS NODULES
16.5'-20' SAME AS ABOVE WITH Fe CONCRETIONS. DECREASING CALCAREOUS
NODULES AND INCREASING SILT AND SAND WITH DEPTH. WEAK LAMINAE
IN BOTTOM V. CLAST SUPPORTED IN PART

GEOLOGIST: JOHN NORMAN
CHECKED BY:̂ c DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-13



^| Industrial Compliance
'*^5P A Subsidiary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER T4-A

f il ""Ir
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 4.

54' EAST OF CPT-39 .

START DATE: 10-3-94 FINISH DATE: 10-4-94
START TIME: 1400 FINISH TIME: 1200

SAMPLERTYPE SAMPLE NO.* DEPTH
OVA

READING
SPTRECOVERY

100%

100%

70%

100%

40%

DEPTHIN FEET

25

30

35

4O

SGILGRAPH

CL

CL

sc

SM

SP

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: 5' CONTINUOUS ^
SAMPLER, AND 2.5* CONTINUOUS ^J
SAMPLER ' O
SURFACE ELEVATION: £j
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
20'-23.5' LIGHT GREEN, TAN AND RUST MOTTLED, SILTY VERY FINE SANDY
CLAY (CL). SOME CLAST SUPPORTED MOSTLY CLAST FLOATING

23.5'-25* SAME AS ABOVE WITH APPEARANCE OF RED, TAN AND GREEN
LAMINATIONS

25' -27. 5' • LIGHT GREEN AND RUST MOTTLED SILTY. SANDY CLAY (CL). RED.
VERY FINE SAND LENSE .25" THICK AT TOP. LOWER 1.5' BLQCKY/CRUMBLY.
WATER SATURATED AT 26.5'.

27.5'-30* LIGHT GREEN. RUST AND TAN MOTTLED. CLAYEY, SILTY, SAND (SC)
CLAST SUPPORTED MOISTURE DECREASES. LOWER .25' SHOWED SOME WEAK
BEDDING (SI)

30'-30.5* SANE AS ABOVE
30.5'-32P CALCAREOUS GRAVELLY. CLAYEY SAND (SC) TAN AND RED
WATER SATURATED

32*-32.83 1 GREEN AND RED CLAYEY, SAND LAMINAE
32.83'-33.5' RED AND GREEN, SILTY. VERY FINE GRAINED. SAND (SM)
WEAK LOW ANGLE BEDDING (SI)
33.5'-35' NO RECOVERY

35'-36.25' SAME AS ABOVE (SM)

35.25'-37.5' DARK TAN. VERY FINE TO FINE GRAINED SAND (SP). CLEAN

37.5*-3a.5' LIGHT TAN, FINE GRAINED, SAND (SP) SLIGHTLY CLEANER THAN
ABOVE
33.5'-40' NO RECOVERY

GEOLOGIST: JOHN NORMAN
CHECKED BY: ̂ c DATE:
DRILLING CONTRACTOR: LAYNE ENVIRON MENTAL SERVICES, INC.

E-14



|g| Industrial Compliance
^^&r A Subsidiary of SP Environmental Systems, Inc.

LOG OF SORING NUMBER T4-A

liJSf LOCA™N DIAGRAW-
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 4.

54' EAST OF CPT-39

START DATE: 10-3-94 FINISH DATE: 10-4-94
START TIME: 1400 FINISH TIME: 1200

SAMPLER
TYPE

t

SAMPLE NO.& DEPTH
OVA

READING
SPT

RECOVERY

0%

0%

80%

100%

100%

100%

DEPTH
IN FEET

45

50

55

SOIL
GRAPH

CL

5M

DRILLING METHOD: HOLLOW STEM =
AUGER j

SAMPLING METHOD: 5' CONTINUOUS IT) s

SAMPLER, AND 2.5' CONTINUOUS ^
SAMPLER O
SURFACE ELEVATION: g
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
40--42.5' CORE BARREL PLOGGED WITH HARD SILT/SAND STONE ZONE
SMALL AMOUNT OF SAND RECOVERED WAS SAME AS ABOVE.

42.5'-45' NO RECOVERY

45'-47' TAN. FINE GRAJNED. SAND (SP) IN UPPER .5'. RED LAMINAE AT
.5' AND SAND GRADES TKO ARED VERY RNE TO FINE GRAINED SAND (SP)
SLIGHT DECREASE IN GRAIN SIZE FROM TAN TO RED INTERVAL

47'-47.5' NO RECOVERY
47.5'-52.5' REDDISH TAN FINE GRAINED SAND (SP) SLIGHT DECREASE IN
GRAIN SIZE WITH DEPTH. THIN LAMINAE AT 49*. SILT/SAND STONE
FRAGMENTS IN LOWER 1*.

30'-30.5* SANE AS ABOVE
30.5'-32* CALCAREOUS GRAVELLY, CLAYEY SAND (SC) TAN AND RED
WATER SATURATED

52.5'-55' RED, STIFF, CLAY (CH)

GEOLOGIST: JOHN NORMAN
CHECKED BY:^rr DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-15



^&t Industrial Compliance
^Qstifr A Subsidiary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER 74-B

IhidSilf
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT LINE 4.

54' EAST OF T4-A

START DATE: 10-4-94 FINISH DATE:
START TIME: 1430 FINISH TIME:

SAMPLERTYPE

»

SAMPLE NO.& DEPTH OVAREADING SPTRECOVERY

0%

055

100%

70%

100%

100%

DEPTHIM FEET

25

30

35

40 . _._

SOILGRAPH

SP

CL

SC

SM

SM
SM
SM

?

SP

DRILLING METHOD: HOLLOW STEM
AUGER \o .

SAMPLING METHOD: 5' CONTINUOUS ^f
SAMPLER, AND 2.5* CONTINUOUS O
SAMPLER ' " :
SURFACE ELEVATION:
WATER LEVEL
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

25*-25.17' REDDISH BROWN. VERY FINE GRAINED. SAND (SP) TRACE OF
SILT AND CALCAREOUS FRAGS.
25.1 T -28.33' LIGHT GREEN TO TAN SILTY. CLAY LOW STIFFNESS. TRACE
OF VERY FINE SAND (CL) SILT AND SAND INCREASING WITH DEPTH.

28.75' -30' LIGHT GREEN AND RUST MOTTLED, CLAYEY. SAND (SC)
CLAST SUPPORTED

30'-30.5' LIGHT GREEN AND RUST MOTTLED. SILTY. VERY FINE GRAINED
SAND (SM)
3G.5'-3T RED AND GREEN LAMINATIONS, CLAYEY, SAND CSC)
3T-31.5' LIGHT GREEN SILTY. VERY FINE GRAINED.S&MD (SM) WEAK BEDDING
31.5'-31.5B' LAMINATIONS RED AND GREEN
31 .58'-31 .83 (SM) AS ABOVE LAMINAE
31 .83'-32.17' LAMINATIONS RED AND GREEN
32.25' -32.58' (SM) AS ABHOVE
32.58'-33.6' LAMINATIONS RED AND GREEN
33.5'-35' NO RECOVERY
35'-37.5' LIGHT GREEN AND TAN/RUST MOTTLED VERY FINE GRAINED, SAND
(SP)

37.5'-40' TAN VERY FINE GRAINED. SAND (SP) GRADING TO A FINE GRAINED
SAND (SP)

GEOLOGIST: JOHN NORMAN
CHECKED BY:,?4t DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-16



|gg| Industrial Compliance
^QyiSr * Subsidiary of SP Environmantol Systwrw, Inc.

LOG OF BORING NUMBER T4-B

LOCAT,ON D.AGRAM:
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUM8ER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: TRANSECT UNE 4.

54* EAST OF T4-A

START DATE: 10-4-94 FINISH DATE:
START T
SAMPLER

TYPE

»

ME: 1430 FINISH TIME:
SAMPLE NO.& DEPTH OVA

READING
SPTRECOVERY

8055

80%

0%

100%

80%

100%

DEPTHIN FEET

45

50

55

SOILGRAPH

SP

'/////

?

SP

SM

SP

SM

• CH

DRILLING METHOD: HOLLOW STEM
AUGER

-
SAMPLING METHOD: 5* CONTINUOUS ^ P
SAMPLER. AND 2.5' CONTINUOUS ^f
SAMPLER °(
SURFACE ELEVATION: £3
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
40'-42* TAN. SILTY, VERY FINE GRAINED SAND GRADING TO A FINE GRAINED
SAND (SP). VERY SLIGHT COARSENING DOWNWARD

42'-42.5' NO RECOVERY
42.5'-44' SAND (SP) AS ABOVE. GRAY CLAY BALLS IN BASE.

44--44.251 TAN TO RED SAND (SP). SOME. MEDIUM GRAIN SIZE CEMENTED
GRAINS. WEAK WHITE LAMINAE.
44.25'-44.5' PARTIALLY CEMENTED SILT/SANDSTONE ZONE
44.5'-47.5' NO RECOVERY

47.5'-49.58' TAN FINE GRAINED SAND (SP)

49.58'-50' RED. SiLTY, VERY FiNE GRAINED SAND (SM)
5Q'-51.75' TAN, FINE GRAINED SAND (SP) LAMINAE AT CONTACT BETWEEN TA
SAND AND UNDERLYING INTERVAL

51.75'-52' RED, SiLTY, VERY FINE GRAINED.SAND (SM)
52'-52.5' NO RECOVERY
52.5'-52.67' RED, SILTY. VERY FINE GRAINED SAND (SM)
52.67--55 1 RED. STIFF CLAY (CH)

GEOLOGIST: JOHN NORMAN
CHECKED BY: #t DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES. INC.

E-17



ljjj& Industrial Compliance
^^F A Subsidiary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER T4-C

M~f^Ul LOCATION DIAGRAM:
^BisB :

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724

DRILLING METHOD: HOLLOW STEM :
AUGER

PROJECT LOCATION: 3502 ROGERDALE ROAD I SAMPLING METHOD: 5' CONTINUOUS °°. -
HOUSTON. TEXAS

BORING LOCATION:

START DATE: 9-22-94 FINISH DATE: 9-22-94
START TIME: 1000 FINISH TIME: 1500
SAMPLERTYPE

p

SAMPLE NO.& DEPTH OVA
READING

SPT
RECOVERY

30%

0%

100%

ao%

100%

DEPTHIN FEET

25

30

35

40

SOILGRAPH

SC

SC/SM

SP

SM

SP

SAMPLER, AND 2.5' CONTINUOUS ^J-
SAMPLER O
SURFACE ELEVATION: r^ :
WATER LEVEL: '
TIME: ;
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

24'-29* PALE YELLOW CLAYEY VERY FINE GRAINED SAND (SC) WITH STRONG
BROWN MOTTLES AND THIN SANDY LENSES; 29% CLAY BLOCKY

29'- 34* GRADING TO RED AND YELLOW MOTTLES WITH OCCASIONAL VERY
FINE GRAINED SAND LAMINATION AND SiLT.

34--35.21 VERY FINE GRAINED SAND (SP). SATURATED
35.2'-36.3' LIGHT GRAY CLAYEY SAND (SC), WET WITH YELLOW AND RED
LAMINATIONS

36.3'-36.5' PARTIALLY CEMENTED SAND. HARD
36.5'-39' REDDISH YELLOW SILTY VERY FINE GRAINED SAND (SM)

39'-40* FINE TO MEDIUM GRAINED SAND (SP) WITH SILTY/CLAYEY
LAMINATIONS

GEOLOGIST: JOHN NORMAN
CHECKED BY: ^fe DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES. INC.

E-18
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|g| industrial Compliance
^^^^ A Subsidiary of SP Environmental Systems, Inc.

LOG OF BORING NUMBER T4-C

LOCATION DIAGRAM.

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION:

START DATE: 9-22-94 FINISH DATE: 9-22-94
START TIME: 1000 FINISH TIME: 1500
SAMPLERTYPE

*

SAMPLE NO.At DEPTH
OVA

READING SPTRECOVERY

65%

100%

100%

100%

100%

100%

100%

DEPTHIN FEET

45

50

55

SOILGRAPH

SP

SM

SM

CH

DRILLING METHOD: HOLLOW STEM
AUGER

ON .
SAMPLING METHOD: 5' CONTINUOUS ^ "
SAMPLER, AND 2.5' CONTINUOUS O
SAMPLER Q
SURFACE ELEVATION:
WATER LEVEL-
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
4Q'-41.5' FINE TO MEDIUM GRAINED SAND (SP) WITH SOY/CLAYEY
LAMINATIONS AND CALCARIOUS NODES IN LOWER .5*

41.5'-43* OCCASIONAL RED LAMINATION

43'-44' SILTY FINE GRAINED SAND (SM) WITH RED LAMINATIONS

44'-46.5' OCCASIONAL PINK CLAY LAMINATIONS

49'-50* TAN SILTY VERY FINE GRAINED SAND (SM), FAINT BEDDING
50'-51.5' GRADING TO REDDISH BROWN, DECREASE SILT CONTENT FINES
51.5--52.5 1 TAN SILTY VERY RNE GRAINED SAND (SM) WITH LOW ANGLE
BEDDING

52.5'-54' GRADING TO PINK

54'-56.5' RED STIFF CLAY (CH)

BOTTOM OF BORING AT 56.5*

GEOLOGIST: JOHN NORMAN
CHECKED BY: ~%3%, DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES. INC.
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CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: 100 FEET NORTH OF MW-23

V

START DATE: 1 1 -29-94 FINISH DATE: 1 1 -29-94
START TIME: 0905 FINISH TIME: 1307

SAMPLERTYPE SAMPLE NO.
& DEPTH OVA

READING SPTRECOVERY

15%

95%

80%

90%

DEPTH
IN FEET

30

35

40

45

-

SOIL
GRAPH

CL

31.5

SC

34

SM
35.5

SP
36.5

SM

39

SP

LOG OF BORING NUMBER T5
Jj SHEET NUMBER 1 OF 2
I LOCATION DIAGRAM:

DRILLING METHOD: HOLLOW STEM
AUGER

0
SAMPLING METHOD: ^
5- FOOT SPLIT BARREL O

r— •

SURFACE ELEVATION:
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
MINIMAL RECOVERY (8 - INCHES)

TOP 4 - INCHES: TAN AND GRAY SILTY CLAY (CL) W/ OCC Fe
STAINING AND ABUNDANT CALCAREOUS NODULES, OCCASIONAL PEBBLE
SIZE ROCK FRAGMENTS CLAY BEDDING VISIBLE,

BOTTOM 4— INCHES: GRAY TO LIGHT GRAY. SANDY CLAY (CL)
(20% SAND) W/ OCCASIONAL Fe STAINING

TAN AND LIGHT GRAY MOTTLED SANDY CLAY (CL), SAND
CONTENT - 30%, MOIST W/ OCCASIONAL LAMINATIONS

TAN AND LIGHT GRAY CLAYEY VERY RNE-GRAINED SAND (SC)
SILTY IN PART. 60% SAND, MOIST

RED AND LIGHT
HARD, RED AND

GRAY LAMINAE AT 34 FEET
GRAY CALCAREOUS ZONE AT 34.8 FEET; CEMENTED

REDDISH-BROWN SLIGHTLY SILTY VERY RNE-GRAINED SAND (SM)
MATRIX SUPPORTED, WET. NO VISIBLE BEDDING

REDDISH-BROWN VERY RNE-GRAINED SAND (SP), CLAST SUPPORTED
NO VISIBLE BEDDING

REDDISH- BROWN, SLIGHTLY SILTY, VERY RNE GRAINED SAND (SM)
WITH OCCASIONAL LIGHT GRAY SILTY NUDULES, SATURATED
SILT CONTENT INCREASING BELOW 38 FEET W/ SOME LAMINAE
BECOMING LIGHT GRAY AND BROWN - HARD CEMENTED SAND AT BASE

BROWN VERY RNE-GRAINED SAND (SP), CLAST SUPPORTED
SATURATED. SOME RNE PARTICLES AND OCCASIONAL
Fe STAINING

CEMENTED SAND IN BASE - 3 INCHES THICK

GEOLOGIST: ROBERT COFFMAN
CHECKED BYiy^CL, DATE:
DRILLING CONTRACTOR: LAYNE ENV1RONMOTAL SERVICES, INC.

F CHECKED BY:
_E-20_
DATE:
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CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT MUMPER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON. TEXAS
BORING LOCATION: 100 FEET NORTH OF MW-23

START DATE: 11-29-94 FINISH DATE: 11-29-94
START TIME: 0905 FINISH TIME: 1307

SAMPLERTYPE SAMPLE NO.* DEPTH OWAREADING SPTRECOVERY

50%

50%

100%

DEPTHM FEET

50

55

60

-

-

-

-

-

l-

-

w

SOLGRAPH

SP

SP/SC
SC

SP

54.0

CH

59.0

LOG OF BORING NUMBER T3
sssssaMBBBBB SHEET NUMBER 2 OF 2
||B^̂ ^̂ V LOCATION DIAGRAM:

PRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: CN
5- FOOT SPLIT BARREL ^

»— i
SURFACE ELEVATION: °
WATER LEVEL
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
BROWN VERY FINE-GRAINED SAND (SP). SOME FINE PARTICLES,
CLAST SUPPORTED WITH VERY FINE CALCAREEOUS FRAGMENTS
BROWN VERY FINE-GRAINED SAND (SP) WITH RED CLAY LAMINAE (SC)
WELL PRESERVED;
REDDISH-BROWN CLAYEY SAND (SC)

BROWN FINE-GRAINED SAND (SP) SUBROUNOED. CLAST
SUPPORTED WITH CALCAREOUS FRAGMENTS; ODOR

OCCASIONAL RED CLAY NODULES BELOW 40 FEET

RED VERY STIFF CLAY (CH). CALCAREOUS WITH OCCASIONAL
BLUE-GRAY STREAKS

BOTTOM OF BORING AT 59 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY-T^C DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.
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LOG OF BORING NUMBER T6

CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: 120 FEET EAST OF MW-23

START DATE: 11-29-94 FINISH DATE: 1 1 -30-94
START TIME: 15 1 1 FINISH TIME: 0930

SAMPLERTYPE SAMPLE NO.
* DEPTH

OVA
READING

SPTRECOVERY

60%

55%

I3EPTH
IIJ FEET

30

35

40

SOILGRAPH

CL
31 .0

SM

34.0

SP

37.0

SM
38.75

CH

42.5

DRILLING METHOD: HOLLOW STEM
AUGER

<N
SAMPLING METHOD: <N .
5- FOOT SPLIT BARREL S

i — i
SURFACE ELEVATION: *~> :

WATER LEVEL f>

TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
REDDISH-BROWN AND LIGHT GRAY MOTTLED STIFF SANDY CLAY (CL)
WITH OCCASIONAL CALCAREOUS NODULES, MOIST

CALCAREOUS ZONE AT 31 FEET
REDDISH-BROWN AND LIGHT GRAY SiLTY FINE-GRAINED
SAND (SM), WET, POSSIBLE LAMINATIONS AT 33 FEET
MATRIX SUPPORTED; ODOR

BROWN VERY FINE-GRAINED SAND (SP) CLAST SUPPORTED
SATURATED, ODOR, SOME FINE PARTICLES NO VISIBLE
BEDDING

REDDISH-BROWN AND LIGHT GRAY SILTY VERY RNE-GRA1NED
SAND (SM) MOTTLED WITH SOME COLOR BANDING; NO LAMINAE
OCCASIONAL YELLOW GREEN COLORATION AND CALC. NODS

RED AND GRAY, VERY STIFF CLAY (CH); CALCAREOUS AND
BLOCKY

BOTTOM OF BORING AT 42.5 FEET

»

GEOLOGIST: ROBERT COFFMAN
CHECKED BY:7H*n£ DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.
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CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44-201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON. TEXAS
BORING LOCATION: SOUTHWEST CORNER OF

GUYON PROPERTY

START DATE: 1 1 -30-94 FINISH DATE: 1 1-30-94
START TIME: 1 102 FINISH TIME: 15 14

SAMPLERTYPE SAMPLE NO.4 DEPTH OVAREADING SPT
RECOVERY

100%

50%

80%

50%

DEPTHIN FEET

25

30

35

4O_

-

SOILGRAPH

CH

26.25

CL

31 .5

SP

38.5sc:

SM

LOG OF BORING NUMBER T7
JfjIP^If SHEET NUMBER 1 OF 3

'jjjjjjjtjjg^JIJl! LOCATION DIAGRAM:

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: £\
5- FOOT SPLIT BARREL ^t

2
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

RED AND GRAY MOTTLED VERY STIFF CLAY (CH) VERY CALCAREOUS
WITH CALCAREOUS ZONES THROUGHOUT

GREENISH-GRAY STIFF SILTY/SANDY. CLAY (CL); CALCAREOUS
TAN MOTTLES THROUGHOUT W/ OCCASIONAL CALCAREOUS NODULES

GRADING TO LIGHT GRAY STIFF SANDY CLAY (CL) WITH OCCASIONAL Fe
STAINING AND TAN MOTTLES

NO Fe STAINING BELOW 31 FEET
GRADING TO TAN TO BUFF SOFT VERY SANDY CLAY (CL) 40% SAND, WET
WITH OCCASIONAL TAN COLOR BANDING
BROWN VERY FINE-GRAINED SAND (SP); SATURATED, SOME
FINE PARTICLES CLAST SUPPORTED NO VISIBLE BEDDING

BECOMING MATRIX SUPPORTED SILTY/SAND NODULES THROUGHOUT

4-INCHES OF TAN RED AND LIGHT GRAY CLAYEY SAND(SC) W/COLOR BANDS
BROWN AND RED SLIGHTLY SILTY VERY FINE GRAINED SAND (SM)
WITH UGHT GRAY SANDY CLAY GLOBS AND NODULES

GEOLOGIST: ROBERT COFFMAN
CHECKED BYrT^C- DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES. INC.

TT E-23
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LOG OF BORING NUMBER T7

• fllW
CLIENT: SOUTHERN PACIRC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: SOUTHWEST CORNER OF

GUYON PROPERTY

START DATE: 1 1 -30-94 FINISH DATE: 1 1 -30-94
START TIME: 1 102 FINISH TIME: 1 5 14
SAMPLERTYPE SAMPLE NO.it DEPTH OVA

READING
SPT

RECOVERY

50%

0%

50%

80%

50%

DEPTHIN FEET

45

50

55

fin

-

-

SOILGRAPH

SM

44.0

SP

SP

SP

DRILLING METHOD: HOLLOW STEM
AUGER '•

SAMPLING METHOD: o5
5- FOOT SPLIT BARREL "3" ,O !

* — i
SURFACE ELEVATION: O
WATER LEVEL; E
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
BROWN AND RED SLIGHTLY SILTY VERY FINE-GRAINED SAND
(SM) WITH LIGHT GRAY CLAY GLOBS AND NODULES

NO RECOVERY ROM 44 TO 49 FEET; DRILLING INDICATED SAND UTHOLQGY

BROWN VERY FINE-GRAINED SAND (SP) CLAST SUPPORTED
SOME FINE PARTICLES, NO VISIBLE BEDDING. SOME
CALCAREOUS FRAGMENTS

RED AND LIGHT GRAY SILTY SAND NODULES 57-59 FEET

BROWN VERY FINE-GRAINED SAND (SP) CLAST SUPPORTED
SOME FINE PARTICLES AND OCCASIONAL RED AND LIGHT GRAY SILTY
NODULES, NO VISIBLE BEDDING

POORLY CEMENTED SAND AT 59 FEET
BROWN VERY FINE-GRAINED SAND, CLAST SUPPORTED
NO VISIBLE BEDDING

GEOLOGIST: ROBERT COFFMAN
CHECKED BYiJ^TC. DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.
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LOG OF BORING NUMBER T7

illil'W LOCAT'ON °IAGRAM-
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 RQGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: SOUTHWEST CORNER OF

GUYON PROPERTY

START DATE: 1 1-30-94 FINISH DATE: 1 1 -30-94
START TIME: 1 102 FINISH TIME: 1 5 14

SAMPLERTYPE SAMPLE NO.
& DEPTH

OVA
READING

SPT
RECOVERY

DEPTH
IN FEET

65

SOILGRAPH

SP
61 .5

CH

64.0

DRILLING METHOD: HOLLOW STEM
AUGER

————————————————————————— 10SAMPLING METHOD: (N)
5- FOOT SPLIT BARREL 5———————————————————————— O*— i
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
BROWN VERY FINE-GRAINED SAND (SP) CLAST SUPPORTED
NO VISIBLE BEDDING

RED AND GRAY VERY STIFF CLAY (CH) CALCAREOUS

BOTTOM OF BORING AT 64 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY:30*t DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.
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LOG OF BORING NUMBER T8

• Iwr
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: NORTHEAST CORNER OF

S.P.T-Co. PROPERTY

START DATE: 12- 1 -94 FINISH DATE: 12-1-94
START TIME: 0745 RNISH TIME: 0924
SAMPl£R

TYPE SAMPIE NO.
& DEPTH

OVA
READING

SPT
RECOVERY

100%

75%

100%

DEPTH
IN FEET

25

. 30

35

4O

SOILGRAPH

CH

26.5

CL

32.0

SC

34.25

CH

39.0

DRILLING METHOD: HOLLOW STEM
AUGER

^O
SAMPLING METHOD: ^
5- FOOT SPLIT BARREL O

T—— '

SURFACE ELEVATION:
WATER LEVEL:
TIME-
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

RED AND GRAY VERY STIFF CLAY (CL). CALCAREOUS

RED, TAN AND GRAY MOTTLED STIFF SANDY CLAY (CL) WITH
OCCASIONAL CALCAREOUS NODULES

INCREASE Fe STAINING BELOW 29 FEET. NO CALCAREOUS NODULES

REDDISH-BROWN AND GRAY CLAYEY VERY FINE-GRAINED SAND (SC)
WET, POSSIBLE BEDDING, MATRIX SUPPORTED

RED AND GRAY VERY STIFF CLAY (CH) CALCAREOUS, BLOCKY
IN PART

BOTTOM OF BORING AT 39 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: ^C. DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.

E-26



|̂ | Industrial Compliance
^^B^ * Subaidory of SP Environmtntol System, Inc.

LOG OF BORING NUMBER T9

mmfi LOCATiON D*GRAM'
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: SOUTHWEST CORNER OF

S.P.T.Co. PROPERPr

START DATE: 12-1-94 FINISH DATE: 12-1-94
START TIME: 1 125 FINISH TIME: 1345

SAMPLER
TYPE

SAMPLE NO.
& DEPTH

OVA
READING

SPT
RECOVERY

100%

100%

100%

DEPTHIN FEET

25

30

35

.in

SOILGRAPH

29.5

CH

38.75

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: ^
5- FOOT SPLIT BARREL r-i

•^f
SURFACE ELEVATION: ^^
WATER LEVEL O
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS

RED AND GRAY VERY STIFF CLAY (CL), CALCAREOUS W/
CALCAREOUS NODULES, BLOCKY IN PART

.

RED, TAN AND GRAY MOTTLED STIFF SANDY CLAY (CL)

Fe NODULES BELOW 30.5 FEET; INCREASE SAND CONTENT WITH
DEPTH

GRADING TO YELLOW BROWN; LESS MOTTLING WITH OCCASIONAL
CALCAREOUS NODULES

GRADING TO BROWN S1LTY/ SANDY CLAY (CL) SOFT, MOIST WITH OCCASIONAL
LIGHT BLUISH GRAY SANDY SILT ZONES

GRADING TO BROWN AND RED MOTTLES W/OCCASIONAL LIGHT GRAY MOTTLES
AND Fe NODULES STIFF

RED AND GRAY VERY STIFF CLAY (CH) CALCAREOUS BLOCKY

GEOLOGIST: ROBERT COFFMAN
CHECKED BY: J^TC DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES, INC.
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LOG OF SORING NUMBER T9

ILIilif
CLIENT: SOUTHERN PACIFIC TRANSPORTATION COMPANY
PROJECT NAME: CRYSTAL CHEMICAL
PROJECT NUMBER: 44201724
PROJECT LOCATION: 3502 ROGERDALE ROAD

HOUSTON, TEXAS
BORING LOCATION: SOUTHWEST CORNER OF

S.P.T.CO. PROPERTY

START DATE: 12-1-94 FINISH DATE: 12-1-94
START TIME: 1 125 FINISH TIME: 1345

SAMPLER
TYPE

SAMPLE NO.
4 DEPTH

OVA
READING SPTRECOVERY DEPTHIN FEET

45

SOILGRAPH

CH

44.0

DRILLING METHOD: HOLLOW STEM
AUGER

SAMPLING METHOD: ^j
5- FOOT SPLIT BARREL -<tf-0
SURFACE ELEVATION: O
WATER LEVEL:
TIME:
DATE:

SOIL DESCRIPTION AND DRILLING CONDITIONS
RED AND GRAY VERY STIFF CLAY (CL), CALCAREOUS
BLOCKY

BOTTOM OF BORING AT 44 FEET

GEOLOGIST: ROBERT COFFMAN
CHECKED BY:'̂ - DATE:
DRILLING CONTRACTOR: LAYNE ENVIRONMENTAL SERVICES. INC.
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APPENDIX F
MODFLOW Files



The input files used for HCI's MODFLOW calibration and scenario simulations are
included in the attached two disks. The required input files for both the three calibration
simulations and the six scenario simulations are included.

om
oi—HO

To save disk space, the files have been zipped. The programs to compress or extract the
files are included on both disks. The PKUNZIP program will permit the extraction of the data
from the zipped files. To extract the files, copy the zipped file to the hard disk of the computer
and copy the PKUNZIP program to the same directory.

At the prompt, type: pkunzip FILE.zip

where FILE is the name of the file to open.

The specific input files in HCI's model include: the basic package (BAS.dat), the block-
centered flow package (BCF.dat or SWBCF.dat), the recharge package (RCH.dat), the well
package (WELL.dat), the general-head boundary package (GHB.dat), and the strongly implicit
procedure package (SIP.dat).

In addition to the input files, the output files for the calibration simulations are also
included in the zipped files. However, because the size of the binary head file for each scenario
simulation is large (approximately 23 megabytes), it is not included in the zipped files; each
binary head file is saved on an optical disk and is available upon request.

Disk #1 contains the calibration simulations, and Disk #2 contains the scenario
simulations.

On Disk #1, three zipped files are included. These three files correspond to;

F-l



• steady-state calibration (sstdy.zip),
• transient calibration using MW-30 pumping test results (trnmw30.zip), and
• transient calibration using overbank pumping test results

(trnovbnk.zip).

When a zipped calibration file is opened it occupies 2.5 to 3.0 megabytes of secondary memory
(disk space).

On Disk #2, six zipped files are included. These files correspond to;

• Scenario 1 (scel.zip),
• Scenario 2a (sce2a.zip),
• Scenario 2b (sce2b.zip),
• Scenario 3a (sce3a.zip).
• Scenario 3b (sce3b.zip), and
• Scenario 3c (sce3c.zip).

When a zipped scenario file is opened it occupies 3.5 to 4.0 megabytes of secondary memory
(disk space).

o
1——IO
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APPENDIX G —
Results from the Hydrologic Evaluation of Landfill Performance (HELP) ModeL



*********************************************************************** ~^.

o
HCI717
CRYSTAL
1 1/30/94

*****************************************************
***********************************************************************

LAYER 1

VERTICAL PERCOLATION LAYER
THICKNESS - = 15 .00 INCHES
POROSITY = 0.5000 VOL/VOL
FIELD CAPACITY = 0.2000 VOL/VOL
WILTING POINT = 0.0200 VOL/VOL
INITIAL SOIL WATER CONTENT = 0.2000 VOL/VOL
SATURATED HYDRAULIC CONDUCTIVITY = 0.000010000000 CM/SEC

LAYER 2

VERTICAL PERCOLATION LAYER
THICKNESS = 165.00 INCHES
POROSITY . = 0.5000 VOL/VOL
FIELD CAPACITY = 0.2000 VOL/VOL
WILTING POINT = 0.0200 VOL/VOL
INITIAL SOIL WATER CONTENT = 0.2000 VOL/VOL
SATURATED HYDRAULIC CONDUCTIVITY = 0.000019999999 CM/SEC

GENERAL SIMULATION DATA

SCS RUNOFF CURVE NUMBER = 90.00
TOTAL AREA OF COVER = 6372000. SQ FT
EVAPORATIVE ZONE DEPTH = 10 .00 INCHES
POTENTIAL RUNOFF FRACTION = 0.700000
UPPER LIMIT VEG. STORAGE = 5.0000 INCHES
INITIAL VEG. STORAGE = 2.0000 INCHES
INITIAL SNOW WATER CONTENT = 0.0000 INCHES
INITIAL TOTAL WATER STORAGE IN

SOIL AND WASTE LAYERS = 36.0000 INCHES
SOIL WATER CONTENT IN IT IALIZED BY USER.

CLIMATOLOGICAL DATA

SYNTHETIC RAINFALL WITH SYNTHETIC DAILY TEMPERATURES AND
SOLAR RADIATION FOR HOUSTON TEXAS

G-l



MAXIMUM LEAF AREA INDEX = 0 .00
START OF GROWING SEASON (JULIAN DATE) = 47
END OF GROWING SEASON (JULIAN DATE) - 361

NORMAL MEAN MONTHLY TEMPERATURES, DEGREES FAHRENHEIT
JAN/JUL FEB/AUG MAR/SEP APR/OCT MAY/NOV JUN/DEC

5 1 .40
83 . 10

54.50
8Z.60

6 1 .00
78.40

68.70
69.70

74.90
60 . 10

80.60
54.00

***********************************************************************
ANNUAL TOTALS FOR YEAR 1

( INCHES) (CU. FT. ) PERCENT
PRECIPITATION 37.44 19880644. 100.00
RUNOFF 9.273 4923865. 24.77
EVAPOTRANSPIRATION 27.812 14768409. 74.29
PERCOLATION FROM LAYER 2 2.7235 1446158. 7.27
CHANGE IN WATER STORAGE -2.369 -1257797. -6.33
SOIL WATER AT START OF YEAR 36.00 19116000.
SOIL WATER AT END OF YEAR 33.63 17858204.
SNOW WATER AT START OF YEAR 0.00 0.
SNOW WATER AT END OF YEAR 0.00 0.
ANNUAL WATER BUDGET BALANCE 0 .00 8. 0 .00

o1—Io

***********************************************************************

***********************************************************************

ANNUAL TOTALS FOR YEAR 2

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

(INCHES)
50.83
20.059
30.866
1 .9509

-2.046
33.63
31 .59

0.00
0.00
0.00

(CU. FT. )
26990738.
10651268.
16390061.
1035908.

-1086509.
17858204.
16771694.

0.
0.
8.

PERCENT
100.00
39.46
60.72
3.84

-4.03

0.00

G-2



***********************************************************************

********************************************** ***************ir*********

ANNUAL TOTALS FOR YEAR 3

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR

ANNUAL WATER BUDGET BALANCE

CINCHES) (CU. FT . ) PERCENT
43.45 23071948. 100 .00
14.526 7713279. 33.43
28.887 15339132. 66.48

1 .5434 819542. 3.55
- 1 . 507 -800006. -3.47
31 .59 16771694.
30.08 15971688.

0.00 0.
0.00 0.
0.00 1 . 0 .00

********************************* **************************************

ANNUAL TOTALS FOR YEAR 4

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

CINCHES) CCU. FT. ) PERCENT
32.64 17331842. 100.00
10.455 5551614. 32.03
23.456 12455131 . 71.86
1 .2351 655821. 3.78

-2.506 -1330729. -7.68
30.08 15971688.
27.57 14640959.
0.00 0.
0.00 0.
0.00 5. 0.00

10

o
T——(O

***w***************************1t******************** *******************

**************************************** ********************************
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ANNUAL TOTALS

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

FOR YEAR
CINCHES)
30.38
8.723

19.820
1 .0077
0.829

27.57
28.40

0.00
0.00
0.00

5
CCU. FT . )
16131783.
4631791.

10524444.
535081 .
440463.

14640959.
15081422.

0.
0.
3.

PERCENT
100.00
28.71
65.24

3.32
2.73

0.00

o1—so

********************************i ir*****************w********************

******************************** it************************#* ************

ANNUAL TOTALS FOR YEAR 6

PRECIPITATION
RUNOFF

EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR

ANNUAL WATER BUDGET BALANCE

CINCHES)
46.54
15. 166
29.704
1 . 1 167
0.553

28.40
28.95

0.00
0.00
0.00

CCU. FT. )
24712736.
8053168.

15773075.
592965.
293530.

15081422.
15374952.

0.
0.

-3.

PERCENT
100.00
32.59
63.83
2.40
1 . 19

0.00
*************** A******************************************'********

************************************** *********************************

ANNUAL TOTALS FOR YEAR

PRECIPITATION
( INCHES) CCU. FT . ) PERCENT
54.95 29178456. 100.00

G-4



RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR

22.906
32.985

1.0206
- 1 .961
28.95
26.99

0.00
0.00

ANNUAL WATER BUDGET BALANCE 0 .00

12162834.
17514924.

541954.
- 1041264.
15374952.
14333688.

0.
0.
8.

41 .68
60.03

1 .86
-3 .57

0.00

CO
o
T—^o

ft**********************************************************************

ANNUAL TOTALS FOR YEAR 8

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE

SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

CINCHES)
31.68

7.891
24.187

0.8709
- 1 .270
26.99
25,72

0.00
0.00
0.00

CCU. FT . )
16822078.
4190299.

12843496.
462446.

-674164.
14333688.
13659525.

0.
0.
1 .

PERCENT
100.00
24.91
76.35

2.75
-4 .0 1

0 .00
***********************************************************************

***********************************************************************

ANNUAL TOTALS FOR YEAR 9

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE

( INCHES)
44.20
13.386
28.404

0.7466
1.664

CCU. FT . )
23470200.
7107711 .

15082682.
396456.
883347.

PERCENT
100.00
30.28
64.26

1.69
3.76
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SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

25.72
27.39

0.00
0.00
0.00

13659525.
14542871.

0.
0.
5. 0.00

***********************************************************************

***********************************************************************

ANNUAL TOTALS FOR YEAR 10

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT STARJ OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR

SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

CINCHES)
35.97
11 .663
24.218

0.7794
-0.690
27.39
26.70

0.00
0.00
0.00

CCU. FT . )
19100074.
6192924.

12859902.
413848.

-366597.
14542871.
14176274.

0.
0.

-2.

PERCENT
100.00
32.42
67.33
2 . 17

- 1 .92

0.00
***********************************************************************

ANNUAL TOTALS

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION

PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR

FOR YEAR 11
CINCHES)
45.75
14 . 177
32.752

0.7064
-1.885
26.70
24.81

0.00

CCU. FT. )
24293252.

7528051.
17391128.

375120.
- 1001052.
14176274.
13175223.

0.

PERCENT
100.00
30.99
71 .59

1 .54
-4 . 12

oo
o
»-H
O
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SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

0.00
0 .00

0.
5 . 0.00

**************** ************************* ***************

CO
o
T-Ho

* * * * * * * * * *******************************************************

ANNUAL TOTALS FOR YEAR 12

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

(INCHES) <CU. FT.) PERCENT
44.85 23815350. 100.00
18.584 9868338. 4 1 .44
25.413 13494333. 56.66
0.6243 331489. 1 .39
0.228 121 189. 0 .51

24.81 13175223.
25.04 13296412.

0.00 0.
0.00 0.
0.00 0. 0.00

***********************************************************************

ANNUAL TOTALS FOR YEAR 13

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

CINCHES) CCU. FT , ) PERCENT
55.58 29512974. 100.00
24.144 12820724. 43.44
29.316 15566666. 52.75
0.5523 293283. 0.99
1 .567 832311. 2.82

25.04 13296412.
26.61 14128722.

0.00 0.
0.00 0.
0.00 -8. 0 .00

***********************************************************************
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****************** *******«r**W************************************

ANNUAL TOTALS FOR YEAR 14 5
PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION

PERCOLATION FROM LAYER 2 _
CHANGE IN WATER STORAGE
SOIL UATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR

CINCHES)
55.21
25.499
30.026

0.5727
-0.888
26.61
25.72

0.00
0.00

<CU. FT. )
29316510.
13539962.
15943813.

304121 .
-471380.

14128722.
13657342.

0.
0.

ANNUAL WATER BUDGET BALANCE 0.00 -6.

PERCENT
100.00
46. 19
54.39

1 .04
- 1 .6 1

0.00

ANNUAL TOTALS

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

FOR YEAR 15
CINCHES)
42.08
15.616
27.447
0.5581

- 1 . 542
25.72
24.18
0.00
0.00

CCU. FT . )
22344480.

8292350.
14574496.

296327.
-818701 .

13657342.
12838641.

0.
0.

0.00 8.

PERCENT
'100.00
37.1 1
65.23
1 .33

-3.66

0.00

********************************iir**********************#******* ********

ANNUAL TOTALS FOR YEAR 16
CINCHES) (CU. FT. ) PERCENT

G-8



PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION

PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

*******************************4r***************************************

54.29
21 .0 16
31 .771

0.5095
0.993

24 . 18
25 . 17

0.00
0.00
0.00

28827990.
11159666.
16870594.

270546.
527181 .

12838641.
13365822.

0.
0.
5.

100.00
38.71
58.52

0.94
1 .83

0.00

o
i-HO

***********************************************************************

ANNUAL TOTALS FOR YEAR 17

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START 'OF YEAR
SOIL WATER AT END OF YEAR

SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR

ANNUAL WATER BUDGET BALANCE

CINCHES)
41 .71
14 .026
27.250

0.4764
-0.042
25 . 17
25. 13

0 .00
0.00
0.00

CCU. FT. )
22148012.

7447968.
14469603.

252947.
-22508.

13365822.
13343315.

0.
0.
1 .

PERCENT
100.00
33.63
65.33
1 . 14

-0 . 10

0.00
***********************************************************************

********************************************** *************

ANNUAL TOTALS FOR YEAR 18

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2

CINCHES) CCU. FT.) PERCENT
38.72 20560318. 100.00
12.365 6565953. 31.94
26.023 13818475. 67.21

0.4893 259820. 1 .26

G-9



CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR

ANNUAL WATER BUDGET BALANCE

-0.158
25 . 13
24.97

0.00
0.00
0.00

-83926.
13343315.
13259389.

0.
0.

-4.

-0.41

0.00
*************************************** ********************************

***********************************************************************
ANNUAL TOTALS FOR YEAR 19

PRECIPITATION
RUNOFF

EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR
SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

CINCHES)
38.30
14.639
23.298

0.4745
-0 . 1 1 1
24.97
24.86

0.00
0.00
0.00

CCU. FT . )
20337302.

7773070.
12371009.

251964.
-58752.

13259389.
13200637.

0.
0.
9.

PERCENT
100.00
38.22
60.83

1 .24
-0.29

0.00
***************************************** ******************************

*********************************>**************************************

ANNUAL TOTALS FOR YEAR 20

PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2
CHANGE IN WATER STORAGE
SOIL WATER AT START OF YEAR
SOIL WATER AT END OF YEAR

CINCHES)
35.75
10.233
26.180
0.5016

- 1 . 165
24.86
23.70

CCU. FT. )
18983254.
5433901 .

13901478.
266352.

-618483.
13200637.
12582154.

PERCENT
100.00
28.62
73.23

1 .40
-3.26

o
T-Ho
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SNOW WATER AT START OF YEAR
SNOW WATER AT END OF YEAR
ANNUAL WATER BUDGET BALANCE

0.00
0.00
0.00

0.
0.
6. 0 .00

***********************************************************************

*************************************************
AVERAGE MONTHLY VALUES IN INCHES FOR YEARS 1 THROUGH 20

oT—Io

JAN/JUL FEB/AUG MAR/SEP APR/OCT MAY/NOV JUN/DEC
PRECIPITATION

TOTALS

STD. DEVIATIONS

RUNOFF
TOTALS

STD. DEVIATIONS

EVAPOTRANSPIRATION
TOTALS

STD. DEVIATIONS

2.37
3.45
1 .02
1 .53

0.505
0.927
0.419
0.716

2.274
2.658
0.620
1 . 1 1 4

PERCOLATION FROM LAYER 2

3.96
3.84
3 .00
2.66

1 .881
1 .308

0.705
1 .221

1 .90
5.57
1 .41
2.68

2.82
2.98
1 .39
1 .54

1 .381 0.418 0.902
1 .343 2.354 0.954

4.26
3.28
2.44
1 .92

1 .726
1 .231

0.580
1 .821

1 .0 12
0.759

1 . 128
1 .273

1 . 1 1 1
1 . 169

1 .031
0.860

4.44
4. 16
3.09
1 .78

2.087
1.389

1.468 2.049
1 . 175 1 .022

2.441 1 .876 1 .989 2.567 2 .217
2.587 2.829 2.025 1 .980 2.048

1 . 187
0.651

TOTALS

STD. DEVIATIONS

0.0831
0.0782
0.0589
0.0480

0.0749 0.0820 0.0789 0.0805 0.0768
0.0770 0.0733 0.0746 0.0712 0.0726
0.0516 0.0552 0.0516 0 .0515 0.0481
0.0463 0.0434 0.0433 0.0407 0.0409

****************************** ************************

***********************************************************************
AVERAGE ANNUAL TOTALS & (STD. DEVIATIONS) FOR YEARS 1 THROUGH 20

CINCHES)
PRECIPITATION
RUNOFF
EVAPOTRANSPIRATION
PERCOLATION FROM LAYER 2

43.02
15 .2 17
27.491
0.9230

( 8 .061 )
( 5.228)
( 3.462)
< 0.5784)

CCU. FT . )
22841496.
8080437.

14597643.
490107.

PERCENT
100.00
35.38
63.91
2.15

G-ll



CHANGE IN WATER STORAGE -0 .6 15 ( 1 .299) -326692. - 1 . 4 3
*********************************************************************** o1—to
***********************************************************************

PEAK DAILY VALUES FOR YEARS 1 THROUGH 20
(INCHES) (CU. FT . )

4.77 2532870.0
3.491 1853968.1
0.0088 4672.6
0.00 0 .0

PRECIPITATION
RUNOFF
PERCOLATION FROM LAYER 2
SNOW WATER

MAXIMUM VEG. SOIL WATER (VOL/VOL)
MINIMUM VEG. SOIL WATER (VOL/VOL)

********************** ************************

0.3710
0.0164

***********************************************************************
FINAL WATER STORAGE AT END OF YEAR 20

LAYER ( INCHES)
1 0.85
2 22. 84

SNOW WATER 0 .00

(VOL/VOL)
0.0567
0. 1385

*********************************r************************* *************
*************************************************************** ********
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APPENDIX H
Verification of the Particle Tracking Routines in FEMCAD®



o1—IThis appendix summarizes the verification of the particle tracking subroutines that HCI °
incorporated in HCI's in-house data processing software FEMCAD®. The particle tracking
method was used to determine the capture zone of a pumping well. The basic principal of the
particle tracking method is similar to the that employed in PATH3D (Zheng, 1990). The major
difference between the panicle tracking method in FEMCAD® and that in PATH3D is in
implementation. Unlike PATH3D, which can only perform forward particle tracking by starting
particles in a transient field and then track the particle to an extraction well, the particle tracking
routine in FEMC4D® can siart with the particles at the extraction well and track backwards,
along the flow path of those particles, as a function of tune. The advantage of the reverse
particle tracking routine in FEMCAD ® is that it avoids the placement of a large number of
particles over the model domain and hence, the large amount of accounting work (memory and
processing) needed for tracking all of the particles in space and time.

Before the implementation of the particle tracking method hi assessing the capture zone
of each pumping well, the method was verified with two examples, Examples 2 and 3, that were
documented in the PATH3D user's manual. For the completeness of documentation, the Fortran
source codes that were used for the implementation of the particle tracking routine are included
in this appendix.

The first verification was conducted for Example 2, as documented in the user's manual
for PATH3D. In this example, a 10-foot thick confined aquifer is bounded by a fully penetrating
stream on the right side of the model domain. A pumping well was placed in the aquifer. The
left, top, and bottom boundaries were placed far away from the pumping well so that the aquifer
may be viewed as an infinite half-space domain. A period of 20000 minutes was simulated with
40 time steps to obtain the transient head solution. In PATH3D, a total of five particles were
placed on the stream edge. In verifying the forward particle tracking method using FEMCAD®,
a total of five particles were placed on the same locations as hi PATH3D. In verifying the
backward particle tracking method using FEMCAD ® two particles were placed near the pumping

H-l



o
well. The particle tracks from PATH3D and from FEMCAD® are presented in Figure H-l. o
Figure H-l shows that, for the given particle travel periods specified in PATH3D, both forward
particle tracks and reverse particle tracks from FEMCAD ® agree closely with the forward
particle tracks obtained from PATH3D. The slight difference between the particle tracks from
FEMCAD®and from PATH3D is caused by the different methods in calculating the flow velocity
of a particle. The slight difference between the forward particle tracks and the backward particle
tracks from FEMCAD® is caused by the different particle tracking procedures.

The second verification was conducted for Example 3, as documented in the user's
manual for PATH3D. In this example, a pumping and injection system for an unconfined aquifer
under steady-state conditions was considered. The boundary conditions for the aquifer are a no-
flow boundary along the north and south sides, and a constant-head boundary along the east and
west sides. In the vertical domain, the aquifer is bounded by a no-flow boundary at the bottom.
A pair of injection and extraction wells were placed near the center of the flow domain. The
wells were assumed to penetrate into the water table only one foot. Eight particles were placed
surrounding the cell which represents the injection well in the flow model. The projection and
the cross-section of particle tracks from PATH3D and FEMCAD® are presented in Figures H-2
and H-3. Again, the results shown hi Figures H-2 and H-3 show a close agreement between the
particle tracks from PATH3D and that from FEMCAD®. Based upon these test cases, HCI
judges that the FEMCAD® particle tracking routine is validated.

H-2



LEGEND
—— Backward particle track from FEMCAD

Forward particle track from FEMCAD
O Forward particle track from PATHJD
—— Equal potentiometric line
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FIGURE:
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LEGEND
Forward particle track from FEMCAD

O Forward particle track from PATH3D
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Source Code For Particle Tracking Routine



C SUBROUTINE TO RENUMBER MESH
C

SUBROUTINE RENUMBER(MODE)
INCLUDE 'PARAM.FOR'

Ĉ
C

PARAMETER (MAXNNXS=MAXNN/10, MAXNXS=2 0)
DIMENSION IDSORT(NNP)
REAL*8 DIST(NNP)
REAL*4 XYZM(MAXNE,4) ,XARRAY(4) ,YARRAY(4)
INTEGER*4 PELM(MAXNE)
INTEGER*! NL,NLX,NSEL(MAXNN)
INTEGER*2 IPRISM(MAXN:E, 8) ,NNR(MAXNN) ,NOR(MAXNN)
INTEGER*4 PELM(MAXNE),NEO(MAXNE),NOE(MAXNE)
REAL*4 X(MAXNN) ,Y(MAXNN) ,Z(MAXNN) ,PRM(MAXNE,MAXPRS) ,WINDW(10,4)
COMMON /MODEL/ NN,NE,X,Y,Z,IPRISM,PELM,MNPE,MXZT,MNZT

+ ,NNM,NODE(MAXNN) rXYZM,NL(l-IAXNN) ^LXCMAXNN)
COMMON /PARMTR/ PRM,NSEL,ESEL
COMMON/windows/ windw, XMIN1, YMINX, XMAX1, YMAX1, FACT, FACTI, MLAY

+ ,ZMINl/ZMAXl/TMINlfTMAXl,UMINl/UMAXlfCLSP/FACTZ
COMMON/REORDER/NEOCMAXNE) ,NOE(MAXNE) ,NN1X(MAXNN) fNOR(MAXNN)
INTEGER*2 NSXS(MAXNXS/MAXNNXS)

* COMMON /XSEC/ NXS,NSXS
C
C GROUPS
C

CHARACTER GROUPD (MAXGRP) * 10 , GFRMT (MAXGRP) * 15 f LINE*80
INTEGER*2 GNODE(2*MAXNN)
LOGICAL*! GEI(MAXGRP),ACROSX
CHARACTER*40 GVALU(HAXNE/2)
INTEGER*4 GL(MAXGRP,5),GELEM(MAXNE)
COMMON/GROP/ GROUPD,GEI,GL,GNODE,GELEM,GVALU f GFRMT,NGRP
IF (MODE.EQ.2) GOTO 30
IF(MODE.EQ.3) GOTO 40
XMINl=WINDW(lfl)XMAX1=WINDW(1,2)
YMIN1=WINDW(1,3)
YMAX1=WINDW(1f 4)
WRITE (LINE, ' (A41) ') 'RENUMBER ACROSS [Y] Y-AXIS [X/?] X-AXIS :'
CALL GET_TEXT(LINE,41)
ACROSX=.TRUE.
IF (L INE( 1 : 1 ) .EQ. 'Y ' .OR.L INE( 1 : 1 ) .EQ. ' y ' ) ACROSX=.FALSE.
CALL SCALEW (XMAX1, YMAX1, XMIN1, YMIN1, fact)
FACTI=1/FACT
CALL.SELECT(.TRUE.)
CALL DISPLAY
DO 1=1,NN

NNR(I)=0
ENDDO
11=0
DO 1=1,NN

IF (NL( I ) -EQ. l ) THEN
11=11+1
NOR(II)=I
IDSORT(II)=II
IF(ACROSX) THEN

DIST(II)*Y(I)
ELSE

DIST(II)=X(I)



ENDIF
ENDIF

ENDDO
NTN=II 10
WRITE(L INE, ' (A15, I8 ,A17, I8 , 1H # ) ' ) 'TOTAL TOP NODES',NTN, S

+ 'LAST TOP NODE WAS',NOR(NTN) ^
CALL GET_TEXT(LINE r48) °

SORT ALL TOP NODES
CALL SORT(II , IDSORT,DIST)

SAVE SORTTED NODES
DO 1=1,NTN

NNR(I)=NOR(IDSORT(I) )
ENDDO
DO 1=1,NTN

NOR(I)=NNR(I)
ENDDO

2 COMPUTE A GENERIC DY
IF(ACROSX) THEN

Y1=Y(NOR(1) )
DIS1=Y(NOR(2))

ELSE
Y1=X(NOR(1) )
DIS1=X(NOR(2))

ENDIF
DY=(DIS1-Y1)
Y1=DIS1
DIS1=DY
DO 1=3,NTN

IF(ACROSX) THEN
DIS=Y(NOR(I) )

ELSE
DIS=X(NOR(I))

ENDIF
DY=MAX((DIS-Y1) ,DY)
IF ( (DIS-Y1) .GT.3. *DIS1 ) GOTO 2
Y1=DIS
DIS1=DY

ENDDO
2 WRITE (LINE,' (A ,F7 . 1 ,A3 ) ') 'ENTER TOLARABLE dy FOR SEQUENTIAL NUMBER

+ING [ ' , D Y , ' ] : '
CALL GET_TEXT(LINE,55)
IF (L INE( 1 :2) .NE. ' ') READ(LINE,*,ERR=2,END=2) DY

: SORT WITHIN STRIPS*
IST=1

10 CONTINUE
11=0
IF(ACROSX) THEN

Y1=Y(NOR(IST))
ELSE

Y1=X(NOR(IST))
ENDIF
DO I=IST7NTN



IF(ACROSX) THEN
DIS=Y(NOR(I ) )
DIS1=X(NOR(I) )

ELSE
DIS=X(NOR(I) )
DIS1=Y(NOR(I) )

ENDIF
IF((DIS-Y1) .GT.DY) GOTO 20
11=11+1
IDSORT(II)=II
DIST(II)=DIS1
Y1=DIS

ENDDO
CONTINUE
WRITE (67 , ' (2 I 10/ (2 I 10 ,F 10 . 1 ) ) ')II ,IST, ( ]C fNOR(I ) ,Y (NOR( I ) ) ,
CALL SORT(II,IDSORT,DIST)
DO 1=1,11

NNR(I)=NOR(IST+IDSORT(I)-1)
ENDDO
DO 1=1,11

NOR(IST+I-1)=NNR(I)
ENDDO
WRITE ( 6 7 , ' (2 I 10/ (2 I 10 ,F 10 . 1 ) ) ')II ,IST, (I, NOR (I) 7X(NOR(I ) ) ,
IST=IST+II
IF(IST.LE.NTN) GOTO 10
II==0
DO 1=1, NTN

DO J=1,NLX(NOR(I))
NNR(II)=NOR(I)-K7-1

ENDDO
ENDDO
IF(I I .NE.NN) THEN

CALL BEEP
WRITE(LINE, ' (A16, I6 ,A24, I6 , 1H#) ') 'OLD NODE NUMBER ' ,NN,

+ ' DOES NOT AGREE WITH NEW', II
CALL GET_TEXT(LINE,52)
NN=II

ENDIF
WRITE(67, ' (2I 10/( I 12,2I 10) ) ') NTN,NNf (I,NNR(I) ,

+ NLX(NNR(I) ) ,I=1,NN)

ORDER ELEMNTS ACCORDING TO NODE ORDER
DO 1=1, NE
NOE(I )=0
NEO(I ) =0

ENDDO
NNE=0
DO 130 KIK=1,NTN
IF(NNE.GE.NE) GOTO 89
IM=NOR(KIK)
DO 100 1=1 ,NE
IF(NOE(I) . EQ .O) THEN
IF(IPRISM(I,7) .EQ. l ) THEN
IF( IM.EQ.IPRISM(I , 1 ) .OR.IM,EQ.IPRISM(I ,2) .OR.IM.EQ. IPRISM(I, 3) )

+ THEN
MLAY=IPRISM(I, 8) -1



NNE=NNE+1
NOE(I)=NNE
NEO(NNE)=I
DO 105 L=1,MLAY ^

NNE=NNE+1 *n
NOE(I+L)=NNE 3
NEO(NNE)=I+L I-H

105 CONTINUE °
107 CONTINUE

ENDIF
ENDIF

ENDIF
100 CONTINUE
130 CONTINUE
89 CONTINUE

DO 1=1,NE
I F (NOE( I ) . EQ .O) THEM

CALL BEEP
WRITE(L INE , ' (A16, 16 ,A25, 16 , 1H # ) ' ) 'OLD ELEM NUMBER ',!,

+ ' IS ZERO. FIRST NODE ', IPRISM(I,1)
CALL GET_TEXT(LINE,53)
ENDIF
IF(IPRISM(I,5) . EQ .O ) IPRISM(I, 5) =MAXNN
IF(IPRISM(I,6) . EQ .O ) IPRISM(1, 6) =MAXNN

ENDDO
C WRITE (67 , ' (2 I 10/ ( I 12 ,2 I 10 ) ) ' ) NTN,NE7 ( I ,NEO( I ) ,
C + IPRISM(I ,7),1=1 ,NN)

DO 1=1,NN
IF (NNR( I ) .NE .O) NOR(NNR(I) )= I

ENDDO
NOR(MAXNN)=0
GOTO 40

C
C CONSOLIDATE ELEMENT AND NODE ARRAYS
C

30 CONTINUE
DO 1=1,NN

NSEL(I)=0
ENDDO
DO 1=1,NE

NOE(I)=0
ENDDO
11=0
NEO=NE
DO 1=1,NE

IF ( IPRISM(I , 1 ) .GT.O) THEN
11=11+1
NEO(II)=I
NOE(I)=11
DO IJ=1,6

IF( IPRISM(I , IJ) .LE.O) THEN
I F ( I J .EQ.5 .OR. IJ .EQ.6) THEN
ELSE

CALL BEEP
WRITE(LINE, ' (A15, I8,A17, I8, 1H# ) ' ) 'BAD INDEX No. f

ttt,+ 'OF ELEMENT No. ',11
CALL GETJTEXT ( LINE ,48)

ENDIF
IPRISM(I,IJ)=NN+1

ENDIF



NSEL (IPRISM (I, IJ) ) =1
ENDDO

ENDIF x-0
ENDDO !£
NE=II On=o 5
DO 1=1,NN

I F (NSEL ( I ) .GT .O) THEN
11=11+1
NNR(II)=I
NOR(I)=11

ENDIF
ENDDO
NOR(NN+1)=0
IF(II .NE.NN) THEN

CALL BEEP
WRITE(L INE, ' (A16, I6 ,A25, I6 , 1H # ) ' ) 'OLD NODE NUMBER ' ,NN,

+ ' IS CHANGED TO NEW NUMBER',11
CALL GET_TEXT(LINEr53)
WRITE(LINE f ' (A16, I6,A25, I6, 1H# ) ' ) 'OLD ELEM NUMBER ' ,NEO,

+ ' IS CHANGED TO NEW NUMBER',NE
CALL GET_TEXT(LINE,53)
NN=II

ENDIF
C
C OUTPUT OLD NUMBER SYSTEM AND READ ACCORDING TO NEW ORDER
C

40 CONTINUE
C
( ^OUPS ORDERING
C

DO NG=1,NGRP
IF (GEI (NG)) THEN

DO I I =GL(NG,1 ) ,GL(NG,2)
IF (GNODE( I I ) .NE .O) THEN

I F (NOR(GNODE( I I ) ) . EQ.O) THEN
DXM=(X( 1 ) -X (GNODE( I I ) ) ) * *2 + (Y ( l ) -Y (GNODE( I I ) ) ) * *2
NX=0
DO 1=2 fNN

IF (NL( I ) ,EQ.NL(GNODE( I I ) ) .AND.NOR( I ) .NE .O) THEN
DX=(X( I ) -X(GNODE( I I ) ) ) * *2+ (Y( I ) -Y(GNODE( I I ) ) ) * *2
IF (DX.LT*DXM) THEN

DX=DXM
NX=I

ENDIF
ENDIF

ENDDO
NOR(GNODE(II))=NX

ENDIF
GNODE(II)=NOR(GNODE(II))

ENDIF
END DO

ELSE
DO I =GL(NG / 1 ) ,GL(NG,2)

IF (GELEM(I ) .NE.O) THEN
IF (NOE(GELEM( I ) ) .EQ.O) THEN

DXM=(XYZM( l f 1 ) -XYZM(GELEM(I ) , 1 ) ) * *2+ (XYZM(1 ,3)-
+ XYZM(GELEM( I ) ,3 ) ) * *2

NX=0
DO 11=2,NE



IF ( IPRISM( I I ,7) .EQ. IPRISM(GELEM( I ) ,7) .AND.
+ NOE(I I ) . NE .O ) THEN

DX=(XYZM(I I , 1 )-XYZM(GELEM(I) ,1) ) * *2+(XYZM(II , 3) - r-
+ XYZM(GELEM( I ) ,3 ) ) * *2 ^

IF (DX..LT.DXM) THEN O
DX=DXM 3
NX=II

ENDIF
ENDIF

ENDDO
NOE(GELEM(I))=NX

ENDIF
GELEM(I)=NOE(GELEM(I))

ENDIF
END DO

ENDIF
END DO

C REORDER CROSS SECTIONS

DO NG=1,NXS
DO II=1,NSXS(NG,MAXNNXS)

IF (NSXS (NG, II) .NE , .0 ) NSXS(NG,II)=NOR(NSXS(NG,II) )
END DO

END DO

OPEN (UNIT=25, STATUS=' SCRATCH' , FORM=' BINARY')
WRITE (25) (NODE (I) ,!==!, NNM)

WRITE(25) (X (NNR( I ) ) ,Y (NNR( I ) ) ,Z (NNR( I ) ) ,NL (NNR( I ) ) ,NLX(NNR( I ) ) ,
+ 1=1,NN)
WRITE(25) ( (NOR(IPRISM(NEO(I) r J) ) ,J=1,6) ,

+ IPRISM(NEO(I) ,7) ,IPRISM(NEO(I) ,8) ,I=1,NE)
WRITE(25) ( (XYZM(NEO( I ) , J ) , J = l ,4 ) , I = 1 ,NE ) ,

+ ( (PRM(NEO( I ) ,J ) ,J = 1 , 12 ) , I = 1 ,NE)
REWIND(UNIT=25)
READ(25) (X(I ) ,Y( I ) ,Z( I ) ,NL( I ) ,NLX( I ) ,1=1
READ(25) ( ( IPRISM(I ,J) ,J=1 ,8) , I = 1 ,NE)
READ(25) ( (XYZM(I ,J ) ,J = 1 ,4) f I = l ,NE) ,

+ ( (PRM(I ,J) ,J=1 , 12) , I = 1 ,NE)
CLOSE (UNIT=25 , STATUS= 'r DELETE ' )
OPEN(UNIT=25,FILE='NEW_NE.OLD')
WR ITE (25 , ' ( 2A 10 ) ' ) 'NEW NODE' , 'OLD NODE'
WRITE (25 , ' (2A 10 ) ' ) 'NUMBER ', 'NUMBER '
WRITE (25 , ' (2A10) ') '——————', ' ——————— '
WRITE (25 , ' (2 1 10 ) ' ) ( I ,NNR(I) f1=1 ,NN)
WRITE (25 , ' (2A 10 ) ' ) 'NEW ELEM', 'OLD ELEM'
WRITE (25 , ' (2A10) ' ) 'NUMBER ', 'NUMBER '
WRITE (25 , ' (2A10) ') '-»—————', ' ——————— '
WRITE (25 , ' (2 1 10 ) ' ) ( I .NEO(I) f1=1 ,NE)
CLOSE(UNIT=25)
RETURN
END
SUBROUTINE VELOCITY(COMPUTE fICODE)

C
C

INCLUDE 'PARAM.FOR'



IMPLICIT REAL*8 (A-H,0-Z)
IMPLICIT INTEGER*4 (I-N)
LOGICAL*! COMPUTE °°
REAL*4 X(MAXNN) ,Y (MAXNN) ,Z (MAXNN) ,H (MAXNE) ,KXXO,KYYO,KZZO,SSO,SYO rf
REAL*4 VI (MAXNE,4) , ZT 2
REAL*8 X E ( 4 ) , Y E ( 4 ) , Z E ( 4 ) O
CHARACTER LINE*80
INTEGER*2 INODE,NTMP,NEWE(8)
INTEGER*4 PELM(MAXNE)
REAL*4 XYZM(MAXNE,4) ,ZONE(MAXNE)
REAL*4 ZT(MAXNE),MXZT,MNZT
INTEGER*! NL(MAXNN) ,NLX(MAXNN) ,NSEL(MAXNN) ,NVZC(MAXNN) ,ESEL(MAXNE)
COMMON /MODEL/ NN, NEf X, Y, Z, IPRISM, PELM,MNPE,MXZT,MNZT

+ ,NNM,NODE(MAXNN) , XYZM,NL,NLX,NVZC
INTEGER*2 ITET3(3 ,4 ) , ITET2(2 ,4 ) , ITET1 (4 )
INTEGER*2 IN(MAXNE2,4)
INTEGER*2 IPRISM(MAXNE f8)
INTEGER*4 IEL(MAXNE2)
COMMON /COFACT/ A A ( 4 ) , B B ( 4 ) , C C ( 4 ) , D D ( 4 )
COMMON /PARMTR/KXXO(MAXNE) ,KYYO(MAXNE) ,KZZO(MAXNE) ,SSO(MAXNE) ,

2 SYO(MAXNE) , VI, ZT(MAXNE) ,H(MAXNE) ,ZONE(MAXNE) ,NSEL,ESEL
COMMON/dparam/ NOP,LNO rNLO,NSTP,IWN1,IDFILE,

+ RADM, VMIN, PHEGH, PWDTH, DC, HMIN, HMAX, HEXCL
SAVE IN,IEL,NE2
LOGICAL* 1 COMPUTE, COLOR, LASERP, DXFW, DATW, HGLW, CHWIN, BINARY, X_SECX

+ ,X_SECY,X_SECL,OVRLY(15) ,SYMBOL,MESHD,FIXCOL,FILECH(MAXNF)
+ , RESHIGH, MSE_CUR, DELELM, TOPL, MODF

COMMON /LOGVAR/ LASERP, COLOR, DXFW, DATW,HGLW, BINARY, X_SECX
+ ,X_SECY,X_SECL, OVRLY (15) , SYMBOL,MESHD, FIXCOL,RESHIGH,MSE_CUR,
+ TOPL,MODF

COMMON/MODFG/NLAY, MAXROW, MAXCOL, MFTTS ( 5 0 0 ) , DELTMF (400)
COMMON /BLOCK3/ XORD(NNP) ,YORD(NNP) rNPN(NNP) ,NP(NXL,4) ,

1 LNR(4,50) ,LNP(NLP,4,50) ,NPL(NNP) , IB , IBAND,NBS(NB,2) ,NUMBS,JBC

DEFINE SUBDIVIION OF PRISM INTO TETRAHEDRONS
IF(MODF) GOTO 100
IF(COMPUTE) THEN
LASTNOP=0
LASTNST=-999
LASTCOD=0
ITET3(1,1 )=1
ITET3(1 ,2) =2
ITET3( 1 ,3 ) =6
ITET3(1 ,4)=3
ITET3(2, 1 ) =5
ITET3(2 ,2) =6
ITET3(2,3) = 1
ITET3(2 ,4) =2
ITET3(3, 1 ) =4
ITET3(3,2)=5
ITET3(3 ,3) =6
ITET3(3,4)= 1
ITET2(1,1 )=1
ITET2(1 ,2)=5
ITET2(1 ,3) =3
ITET2( l f4)=2
ITET2(2,1 ) =4
ITET2(2,2) =5



I TET2 (2 ,3 ) =3
ITET2(2, 4)= 1
ITET1(1)=4
ITET1(2)=2
ITET1(3)=3
ITET1(4)=1
GENERATE INCIDENCES FOR TETRAHEDRAL ELEMENTS

IN EACH TRIANGULAR PRISM

DO 1020 LB=1,NEi
: DETERMINE NUMBER OF TETRAHEDRONS IN TRIANGULAR PRISM*

IF(IPRISM(LB,6) .NE .O ) GO TO 1031
IF(IPRISM(LB,6) .EQ.O.AND.IPRISM(LB,5) .NE .O) GOTO 1041
IF(IPRISM(LB,6) .EQ.O.AND.IPRISM(LB,5) .EQ i .O ) GO TO 1051i

: THREE TETRAHEDRONS*
1031 CONTINUE

» DO 1033 LT=1,3
L=L+1
IEL(L)=LB
DO 1032 1=1,4
II=ITET3(LT,I)
INfL^J^IPRISMfLB,!!)

1032 CONTINUE
^3 CONTINUE

GO TO 1020«
: TWO TETRAHEDRONS*
1041 CONTINUE

DO 1043 LT=1,2
L=L+1
IEL(L)=LB
DO 1042 1=1,4
II=ITET2(LT,I)
IN(L fI)=IPRISM(LB fII)1042 CONTINUE

1043 CONTINUE
GO TO 1020^

: ONE TETRAHEDRON»
1051 CONTINUE

L=L+1
IEL(L)=LB
DO 1052 1=1,4
II=ITET1(I)
IN (Lf I) =IPRISM(LB, II)

1052 CONTINUE
GO TO 1020

.^20 CONTINUE
NE2=L

: MAXCE=0
: DO L=1,NE2



I F (N .EQ. IN (L , 1 ) .OR .N . EQ . IN ( L ,2 ) .OR .N .EQ . IN ( L ,3 ) .OR.
N . EQ . I N ( L ,4 ) ) THEN

DO 4004 1=1,4
II=IN(L,I)
DO 4002 IC=1 ,200

IF (NPN( IC) .EQ. I I ) GO TO 4004
IF (NPN ( IC ) . EQ .O) THEN

NPN(IC)=II
MAXCE=ltAX (1C, MAXCE)
GO TO 4004

ENDIF
CONTINUE

WRITE (LINE, ' (30HEXCEED WIDTH OF ICOIi, >MAXCOL , I 10, 1H # ) ' ) N
CALL GET_TEXT(LINE,40)

CONTINUE
ENDIF

ENDDO
ENDDO
ENDIF
WRITE(LINE,'(25HNUMBER OF TETRAHEDRALS == , I9 , 1H # ) ' ) NE2
CALL GET_TEXT(LINE,34)
IF(MAXCE.GT.O) THEN
WRITE (LINE e ' (25HMAXIMUM BAND WIDTH = , I9, 1H# ) ' ) MAXCE
CALL GETJTEXT(LINE,34}
ENDIF

O1—<O

NEW TIME STEP
IF ( ICODE.EQ.3) THEN

LINE=' ENTER NAXIMUM TIME STEP:'
CALL GET_TEXT ( LINE ,24 )
IF ( LINE . EQ . ' QUIT ' ) RETURN
READ (LINE , * , ERR=999 , END=999 ) MAXSTP

ENDIF
CONTINUE
IF ( (NOP.GT .5 .AND. NOP. LT. 10) . OR.NOP. EQ. 13 ) THEN
ELSE

IF ( ICODE.GE.3) THEN
LINE=' ENTER VELOCITY TO SHOW :'
CALL GET_TEXT ( LINE , 2 4 )

OR. INDEX(LINE, 'x ')
OR. INDEX (LINE, 'y')
OR . INDEX ( LINE , ' Z ' )

MAXSTP=999

IF ( INDEX(LINE, 'X ' ) .NE .O,
IF ( INDEX(L INE, 'Y ' ) .NE .O,
IF ( INDEX(L INE, 'Z ' ) .NE .O,

ENDIF
RETURN

ENDIF
IF ( ICODE.EQ.3 .AND.MAXSTP.EQ.O)
INITIALIZE VECTOR (Q)
J=NOP-5
DO 1=1,NE

VI( I ,J ) =0.0
ENDDO

LINE='UPDATE FOR CURRENT WINDOW ONLY[Y/N] : '
CALL GET_TEXT(LINE , 3 6)
IF (L INE( l : l ) .EQ. 'Y ' -OR,L INE( 1 : 1 ) .EQ. ' y ' ) THEN

IF ( ICODE.EQ.2) THEN

,NE
,NE
,NE

0) NOP=6
0) NOP=7
0) NOP=8



DO 1=1,NE
ESEL( I ) =0

ENDDO
DO I=1,MNPE

ESEL(PELM(I ) ) = 1
DO J=l,4

VI(PELM(I) , J ) = =0 .0
ENDDO

ENDDO
VI (MAXNE,3) =9999.0

ELSEIF(ICODE.EQ.l ) THEN
WRITE(LINE, ' (A) ' ) "COMPUTING VELOCITIES FOR ALL ELEMENTS*'
CALL GET_TEXT(LINE r37)
DO 1=1,NE

ESEL(I)=1
DO J=l r4VI ( I , J ) =0 .0
ENDDO

ENDDO
VI(MAXNE,3)=0.0

ELSEIF( ICODE.EQ.3) THEN
J=NOP-5
DO 1=1,NE

IF (ESEL( I ) .EQ. l ) VI ( I , J ) =0 .0
ENDDO

: COMPUTE THE AREA FOR CODE 4 (FLUX TROUGH

ELSEIF( ICODE.EQ.4) THEN
J=NOP-5
IF(LASTNOP.NE.NOP.OR.LASTNST.NE.NSTP.OR.LASTCOD.NE.l ) THEN

DO 1=1,NE
IF (ESEL( I ) .EQ. l ) VI ( I ,J ) =0.0

ENDDO
ENDIF
DO 1=1,NE

IF (ESEL( I ) .EQ. l ) THEN
IF (NOP.EQ.7) THEN

XE(1 ) =MIN(X( IPRISM( I , 1 ) ) ,X( IPRISM( I ,2) ) ,X( IPRISM( I ,3) ) )
XE(2) =MAX(X( IPRISM( I , 1 ) ) fX( IPRISM( I ,2 ) ) ,X ( IPRISM( I ,3 ) ) )
XE(3) = (Z ( IPRISM( I , l ) ) +Z ( IPRISM( I ,2 ) ) +Z ( IPRISM( I /3) } )/3 .0
YE( 1 ) =MIN(XE( 1 ) ,YE( 1 ) )
YE (2 ) =MAX(XE (2 ) ,YE (2 ) )
IF ( IPRISM( I ,6) .NE.O) THEN
XE(4) = (Z ( IPRISM( I f4) ) +Z ( IPRISM( I ,5 ) ) +Z ( IPRISM( I ,6 ) ) )/3 .0

ELSEIF( IPRISM(I ,5) .NE.O) THEN
XE(4) = (Z ( IPRISM( I ,4 ) ) +Z ( IPRISM( I ,5 ) ) )/2 .0

ELSE
XE(4)=Z( IPRISM(I ,4) )

ENDIF
ZT( I ) =ABS ( (XE (2 ) -XE ( 1 ) ) * (XE (3 ) -XE (4 ) ) )

ELSEIF(NOP.EQ.6) THEN
YE(1 ) =MIN(Y( IPRISM( I , 1 ) ) ,Y( IPRISM( I ,2) ) ,Y( IPRISM( I73)) )
YE(2)=MAX(Y( IPRISM( I , 1 ) ) ,Y( IPRISM( I ,2) ) ,Y( IPRISM( I /3)) )
YE(3) = (Z ( IPRlSM( I , l ) ) +Z ( IPRISM( I /2) ) +Z( IPRISM( I f3) ) )/3.0
XE( 1 ) =MIN(YE( 1 ) ,XE( 1 ) )
XE (2 ) =MAX(YE (2 )/XE (2 ) )
IF ( IPRISM(I ,6) .NE.O) THEN
YE(4) = (Z ( IPRISM( I /4)) +Z ( IPRISM( I ,5 ) ) +Z ( IPRISM( I ,6 ) ) )/3 .0



ELSEIF(IPRISM(I,5) . NE .O ) THEN
YE(4 ) = (Z ( IPR ISM( I ,4 ) ) +Z ( IPR ISM( I ,5 ) ) ) /2 .0

ELSE
YE(4) =Z ( IPRISM( I ,4) )

ENDIF
ZT ( I ) =ABS ( (YE (2 ) -YE ( 1 ) ) * (YE (3 ) -YE (4 ) ) )

ELSEIF(NOP.EQ.S) THEN
DO L=l , 3

XE(L)=X(IPRISM(I,L) )
YE(L)=Y(IPRISM(I ,L) )

ENDDO
ZT ( ! )= ( ( YE (2) -YE (3) ) *XE ( 1 )

. + ( YE (3 ) -YE ( 1 ) ) * X E (2 ) + (YE ( 1 ) -YE (2 ) ) * XE (3 ) ) * 0 . 5
ENDIF

ENDIF
ENDDO

ENDIF
BEGIN LOOP OVER ELEMENTS
IF(LASTNOP.EQ.NOP.AND.LASTNST.EQ.NSTP.AND.LASTCOD.EQ.l) GOTO 20
LASTNOP=NOP
LASTNST=NSTP
LASTCOD=ICODE
DO 412 L=1,NE2
IF(ESEL(IEL(L) ) . EQ .O ) GOTO 412
DO 407 1=1,4
XE(I)=X(I I )
YE(I ) =Y(I I )
ZE( I ) =Z( I I )
CONTINUE
ELEMENT STIFFNESS MATRIX (AE) AND DYNAMIC MATRIX (BE)
LB=IEL(L)
CALL SHAPE1(XE,YE,ZE,VOL,L,IN,IEL)
DISCHARGE COMPONENTS
DHDX=0 . 0
DHDY=0 . 0
DHDZ=0 . 0
DO 380 1=1,4
II=IN(LfI)DHDX=DHDX+H ( II ) *BB ( I )
DHDY=DHDY+H(II) *CC(I)
DHDZ=DHDZ+H(II) *DD(I)
CONTINUE
VELOCITY COMPONENTS
VX=-DHDX*KXXO (LB)
VY=-DHDY*KYYO (LB)
VZ=-DHDZ*KZZO (LB)
LB=IEL(L)
ESEL ( LB) =ESEL ( LB) +1
W=SQRT (VX*VX+VY*VY+VZ*VZ)
I F (W.EQ.O .O) WRITE(* , * ) '



VI(LB, 1 ) =
V I (LB ,2 ) =
V I (LB ,3 ) =
VI (LB ,4) =

VI (LB,1 ) +VX
VI(LB,2)+VY
VI(LB,3)+VZ
VI(LB,4)+W

: END LOOP OVER ELEMENTSt
412 CONTINUE

DO 1=1,NE
IF (ESEL( I ) .NE .O) THEN

FAC= l ./FLOAT(ESEL(I)- l )
VI (I ,1)== VI (I , 1 ) *FAC

,2) =
,3) =
,4) =

Oi—iO

VI (I
VI (I
VI (I

,2 ) *FAC
,3 ) *FAC
1) *FAC

VI (I
VI (I
VI (I
ESEL(I)=1

ENDIF
ENDDO

20 CONTINUE
IF( ICODE.EQ.3) THEN

VZMIN=1.0E+37
VZMAX=-1.0E4-37
DO I=1,NE

IF (ESEL( I ) .EQ. l ) THEN
IF(VI( I ,3) .LT,VZMIN) THEN

VZMIN=VI(I f3)
LPMIN=I

ENDIF
IF (VI (1, 3 ) . GT.. VZMAX) THEN

VZMAX=VI(I f3)
LPMAX=I

ENDIF
ENDIF

ENDDO
WRITE(83, * ) NSTP,VZMIN,LPMIN,VZMAX,LPMAX
NSTP=NSTP+1
IF(NSTP.LE.MAXSTP) THEN

CALL READR(KNS)
IF(KNS.EQ.NSTP) GOTO 999

ENDIF
ELSEIF( ICODE.EQ.4) THEN

J=NOP-5
FLUX=0.0
DO 1=1,NE

IF (ESEL( I ) .EQ. l ) THEN
FLUX=FLUX+ZT(I)*VI(I fJ)

ENDIF
ENDDO
IF (NOP.EQ.7) THEN

WRITE(LINE,'(23HFLUX
ELSEIF(NOP.EQ.6) THEN

WRITE(LINE,'(23HFLUX
ELSEIF(NOP.EQ.S) THEN

WRITE(LINE,'(23HFLUX ALONG THE Z-AXIS=,1PE12.5,1H#) ' ) FLUX
ENDIF
CALL GET_TEXT(LINE i r35)

ENDIF
COMPUTE=.FALSE.
RETURN

100 CONTINUE

ACROSS THE X-AXIS=, 1PE12.5,1H#) ' ) FLUX
ACROSS THE Y-AXIS=,1PE12.5,1H#) ' ) FLUX



C
C
C
C
C

DO 1=1, NE
VI ( I , 1 ) =0 .0
VI ( I ,2 ) =0 .0
V I ( I , 3 ) =0 .0
V I ( I ,4 ) =0 .0

ENDDO
COMPUTE VELOCITIES FOR MODFLOW GRID
ASSIGN HEAD TO THE BOUNADRIES

LAYCOL=NLAY*MAXCOL
1=0
DO JR=1,MAXROW

DO JL=1,NLAY
1=1+1
H(IPRISM(I ,4))=H( I )

ENDDO
I=I+LAYCOL-2*NLAY
DO JL=lfNLAY
1=1+1
H( IPRISM(I ,2) ) =H( I )

* ENDDO
ENDDO
1=0
DO JC=1,MAXCOL

DO JL=1,NLAY
1=1+1
H(IPRISM(I ,3) ) =H( I )

ENDDO
ENDDO
I=NE-LAYCOL
DO JC=1,MAXCOL

DO JL=1,NLAY
1=1+1
H(IPRISM(I,5) )=H(I)

ENDDO
ENDDO
1=0

COMPUTE VELOCITY IN DOMAIN
DO JR=1,MAXROW
DO JC=1,MAXCOL
DO JL=1,NLAY
1=1+1
12 = IPRISM(I,2)
13 = IPRISM(I,3)
14 = IPRISM(I,4)
15 = IPRISM(I,5)
16 = 1-1
17 = 1+1
IF(H(I) .NE.HEXCL) THEN

IF(H(I4) .NE.HEXCL) VI (I, 1) =KXXO (I) * (H(I) -H(I4) ) / (X(I4) -X(I) )
IF(H(I2) .NE.HEXCL)

O
'~H

°

IF(H(I5) .NE.HEXCL)
IF(H(I3) .NE.HEXCL)

VI (If 2)=KXXO (I) * (H(I) -H(I5) )/ (Y(I5) -Y(I) )

IF(NIAY.GT.l) THEN



IF (H( I7) .NE .HEXCL.AND.JL .NE.NLAY)
+ V I ( I , 3 ) =KYYO( I ) * ( H ( I ) -H ( I7 ) ) / (Z ( 17 ) -Z ( I ) )

IF (JL .GT. 1 .AND.H( I6) .NE.HEXCL)
ENDIF

ENDIF
END DO
END DO
END DO
COMPUTE^.FALSE.
WRITE(LINE,'(26HVELOCITY COMPUTED FOR NE= , I9, 1H# ) ' ) NE
CALL GETJTEXT(LINE,35)
RETURN
END

SUBROUTINE SHAPE1(XE,YE,ZE,XVOL,L, IN, IEL)

INCLUDE 'PARAM.FOR'
IMPLICIT REAL*8 (A-H,O-Z)
IMPLICIT INTEGER*4 (I-N)
REAL*8 X E ( 4 ) , Y E ( 4 ) , Z E ( 4 )
REAL*8 A ( 4 ) , B ( 4 ) , C ( 4 ) F D ( 4 )
COMMON /COFACT/ A ( 4 ) , 3 ( 4 ) , C ( 4 ) f D ( 4 )
INTEGER*2 IN(MAXNE2,4)
INTEGER*4 IEL(MAXNE2)
CHARACTER LINE*80
VOLUME INTEGRATIONS
RE-ASSIGN NODAL COORDINATES
X1=XE(1)
X2=XE(2)
X3=XE(3)
X4=XE(4)
Y1=YE(1)
Y2=YE(2)
Y3=YE(3)
Y4=YE(4)
Z1=ZE(1)
Z2=ZE(2)
Z3=ZE (3 )
Z4=ZE(4)
COFACTORS OF THE VOLUME DETERMINATE
A( 1 ) =X2 * (Y3 *Z4-Y4*Z3) »X3 * (Y2*Z4-Y4*Z2) +X4* (Y2*Z3-Y3*Z2)
A(2)=-X1 * (Y3*Z4-Y4*Z3)+X3* (Y1 *Z4-Y4*Z1 ) -X4* (Y1 *Z3-Y3*Z1 )
A(3)=X1 * (Y2*Z4-Y4*Z2)«X2* (Y1 *Z4-Y4*Z1 ) +X4* (Y1 *Z2-Y2*Z1 )
A(4)=-X1 * (Y2*Z3-Y3*Z2)+X2* (Y1 *Z3-Y3*Z1 ) -X3* (Y1 *Z2-Y2*Z1 )
B( l ) = -Y3*Z4+Y4*Z3- * -Y2*Z4-Y4*Z2-Y2*Z3- * -Y3*Z2
B(2)=+Y3*Z4-Y4*Z3-Y1* ;S4+Y4*Z1+Y1 *Z3-Y3*Z1
B(3)=-Y2*Z4+Y4*Z2+Y1 *Z4-Y4*Z1-Y1 *Z2+Y2*Z1
B(4)=+Y2*Z3-Y3*Z2-Y1* !S3+Y3*Z1+Y1*Z2-Y2*Z1
C(1 ) =X3*Z4-X4*Z3-X2*Z44-X4*Z2+X2*Z3-X3*Z2
C(2)=-X3*Z4+X4*Z3+X1*S54-X4*Z1-X1*Z3+X3*Z1
C(3)=X2*Z4-X4*Z2-X1*Z4+X4*Z1+X1*Z2-X2*Z1



C(4)=-X2*Z3+X3*Z2+X1 *Z3-X3*Z1-X1 *Z24-X2*21
D(1 ) =-X3*Y4+X4*Y3+X2*Y4-X4*Y2-X2*Y3+X3*Y2
D(2)=+X3*Y4-X4*Y3-X1 *Y4+X4*Y1+X1 *Y3-X3*Y1
D(3)=-X2*Y4+X4*Y2+X1*Y4-X4*Y1-X1*Y2+X2*Y1
D(4)=+X2*Y3-X3*Y2-X1*Y3+X3*Y1+X1*Y2-X2*Y1
VOL= (A( 1 ) +B ( 1 ) *X 1 +C( 1 ) *Y 1 +D ( 1 ) *Z 1 )/6 .0
XVOL=VOL
IF (VOL. LE. 0.0) THEN
CALL BEEP
WRITE ( LINE, ' ("BAD VOLUME " , 16, 1PE10*2 , OP, 516, 1H#) ' )
1 L,VOL, (IN(L,I) , 1 = 1 ,4) , I£L(L)
CALL GET_TEXT ( LINE , 57 )
RETURN
ENDIF

DO 100 1=1,4
A( I ) =A( I )/ (6 .0DO*VOL)
B( I ) =B ( I )/ (6 .0DO*VOL)
C( I ) =C( I )/ (6 .0DO*VOL)

* D( I ) =D( I )/(6.0DO*VOL)
100 CONTINUE

RETURN -i
END

! SUBROUTINE TRACK PARTICLES IN A MODFLOW MODEL
SUBROUTINE TRACK
include 'grex. fh'
include 'os.fh'
INCLUDE 'PARAM.FOR'
INCLUDE 'CBLOCK.F'
LOGICAL*! BPT,NOTREAD, HALT, TRANSIENT
CHARACTER CHARY(SO) *4() , FILEX*30
DIMENSION NEL(7)
COMMON /DLGBOX/ CHARY (80)
COMMON/HDRG/NNWM(0:200) , XP(0: 200, 0 : 4 0 2 ) , Y P ( 0 : 2 0 0 , 0: 400) ,NMP(0:200)

+ , Z P ( 0 : 2 0 0 , 0 :400 ) ,KX,KY,MAXTSP,ISTPO,NWM
2 CHECK INPUT DATA FOR ZEROS

LOKAR=NE/2
IF(MODF) THEN
N0=0
DO L=1,NLAY

IF(TOPBOT(L) .LT .4) THEN
CALL BEEP
WRITE ( LINE, ' (33HEFECTIVE POR WAS NOT READ FOR LAY, 14 , 1H#) ' ) L
CALL GETJTEXT ( LINE ,37)

ENDIF
IF(TOPBOT(L) .NE. l .AND.TOPBOT(L) .NE. 3 .AND.TOPBOT(L) .NE .7) THEN

CALL BEEP
WRITE ( LINE, ' (33HBOTTOM ELEV. WAS NOT READ FOR LAY, 14, 1H#) ' ) L
CALL GETJTEXT ( LINE ,37)

ENDIF
ENDDO



DO I=1,MAXROW
DO J=1,MAXCOL

DO L=1,NLAY
NO=NO+1
I F (PRM(NO ,4 ) . LT . l .OE -30 ) THEN

CALL BEEP
WRITE(LINE, ' (22HZERO POROSITY AT CELL ,3 14 , 1H # ) ' ) L,I,J
CALL GET_TEXT(LINE,34)
RETURN

ENDIF
ENDDO

ENDDO
ENDDO
ENDIF

: BPT=.TRUE.
10 CHARY(1)= 'TRACKING OPTIONS'

WRITE(CHARY(2) , 1300) 'P ICK POINTS (RND)'
WRITE(CHARY(3) , 1300) 'PROCESS TRACK(S) '

» WRITE(CHARY(4), 1300)'SETUP PARAMETERS'
WRITE(CHARY( 5) ,13 0 0) 'SAVE PARAMETERS'
WRITE (CHARY(6) , 1 300 ) 'READ PARAMETERS'
WRITE(CHARY(7) , 1300) 'SAVE TRACKS'
WRITE(CHARY(8) , 1300) 'POST ALL LOCAT'
WRITE(CHARY(9) , 1300) 'POST LOG.(LAYER)'
WRITE(CHARY(10) , 1300) 'POST LOC.W/ NODE'
WRITE(CHARY(11 ) , 1300)'DESELECT POINTS'
WRITE(CHARY(12) , 1300)'DELETE SELECTION'
WRITE(CHARY(13) , 1300) 'TYPE NODE[S ] '
WRITE(CHARY(14),1300)'READ HEADS'
WRITE(CHARY(15) , 1300) 'P ICK POINT @ NODE'
WRITE(CHARY(16) , 1300) 'QUIT TRACKING'
LX1=LX-300
IY=22
CALL DIALOG(LX1, IY,16,16,IOPT)
IF( IOPT.GE.16) RETURN^

3 GROUP TRACKS

15 CONTINUE
IF ( IOPT.EQ.2) THEN

IB=0
DO WHILE ( IB .NE.2)
CALL GET_USER(IB,IX,IY,KEY,LINE)
IF ( IB .EQ.2) GOTO 10
CALL GRAPHIC_TEXT('* ' , IX-4,IY-7 f 15)
XX=IX*FACTI+XMIN1
YY=(ITW-IY)*FACTI+YMIN1
NWM=NWM+1
NMP(NWM)=0
NOTREAD=.TRUE.
XP(NWM,0)=XX
YP(NWM P0)=YY
IF (X_SECX. OR. X_SECY. OR. X__SECL) THEN

CALL DRAW_X_SEC(NSXS,NXS,-2,XX,YY)
ELSE



CALL GET_NODE(XX,YY)
ENDIF
I F (MEL ( 1 ) .GT .O ) THEN

WRITE(L INE , ' (4 (A7, I6 ) , A7, 13 ,A3 ,12 , 1H # ) ' ) 'NODE No ' ,MEL( l ) ,
+ ' X-CORD', MEL (2 ) , ' Y-CORD' /MEL(3 ) , ' Z-CORD' ,MEL(4) , ' ,LAYER'
+ ,MEL(5) , ' OF',MEL(6)

CALL GETJTEXT(LINE ,67 )
II=MEL(1)
IF (NWM.GT.200) NWM=200
ZP(NWM,0)=Z( I I )
IF(MODF) THEN

NNWM(NWM)=II
ELSE

CALL GETMELEM(XX,YY,NEL)
NNWM(NWM)=NEL(1)

ENDIF
ELSE

WRITE(LINE, ' (A) ' ) 'NODE NO WAS NOT FOUND#'
CALL GET_TEXT(LINE,21)

ENDIF
ENDDO
GOTO 10

ELSEIF (IOPT.EQ.il) THEN
IB=0
DO WHILE ( IB .NE.2)
CALL GET_USER(IB,IX,IY,KEY,LINE)
IF ( IB .EQ.2) GOTO 10
CALL GRAPHICJTEXT( ' * ' , IX-4,IY-7,15)

XX=IX*FACTI+XMIN1
YY=(ITW-IY) *FACTI4-YMIN1
DXM=1.0E+37
11=0
DO I=lrNWM

DX=(XP(NWM,0)-XX) * *2+ (YP(NWM,0)-YY) * *2
IF(DX.LT.DXM) THEN

DXM=DX
11=1

ENDIF
ENDDO
IF( I I .GT.O) THEN

II=MEL(1)
NWM=NWM-1
DO 1=11,NWM

XP(I ,0)=XP( I + 1 ,0)
YP( I ,0)=YP( I + 1 ,0)
ZP( I ,0) =ZP( I + 1 ,0)

ENDDO
ELSE

CALL BEEP
WRITE(LINE, ' (A) ' ) 'NO MATCHING POINT FOUND*'
CALL GET_TEXT(LINE,23)

ENDIF
ENDDO
GOTO 10

ELSEIF ( IOPT.EQ.13) THEN
WRITE(LINE, ' (A) ' ) 'ENTER [nl/G tn n l , n2 / . . . ] : 'CALL GET_TEXT(LINE,26)
IF(NWM+I.GT.200) NWW=200-I
NWM=NWM+1
DO J=NWM,NWM+IGD-1



NMP(J)=0
ENDDO
LGN=NWM \0
IF ( L INE ( 1 :2 ) . EQ . 'G ' .OR .L INE ( 1 : 1 ) . EQ . ' g ') THEN ^

READ(LINE(2:) , *, END=15 , ERR=15) IGD, (NNWM(J) , J=NWM, NWM+IGD-1) r-
NOTREAD=.TRUE. °

ENDIF
ELSEIF ( IOPT.EQ.14) THEN

IF (NWM.LE.O) GOTO 10
INQUIRE(UNIT=33,OPENED=IOPEN)
IF(IOPEN) CLOSE(UNIT=33)
GOTO 50

ELSEIF ( IOPT.EQ.3) THEN
IF(NWM.LE.O) GOTO 10
GOTO 50

ELSEIF ( IOPT.EQ.12) THEN
NWM=0
GOTO 10

C
C READ FROM FILE
C

ELSEIF ( IOPT.EQ.6) THEN
* FILEX=LINE(6:)

IF(FILEX.EQ. ' ') Fi:LEX=FILE(12)
FILEX=';V/FILEX
CLOSE(UNIT=32)
CALL F ILEOP(32,0 / 'NODES AND MEASUERMENTS : ' ,FILEX)
IF(FILEX.EQ.'NOT_FOUND') RETURN
IF(FILEX*EQ.'QUIT') RETURN
IF (F ILEX.EQ. ' . . . .CANCELLED' ) RETURN
FILE(12)=FILEX
READ(32 , ' (2 ( 1 1X , I5 ) ) ' , ERR=40,END=40) ISTPO7NPLOT
READ(32 , ' (30X r I5 ) ' , ERR=40,END=40) MAXTSP
READ(32 , ' (A ) ' , ERR=40,END=40) CHARY(5)
BPT=.TRUE.
I F (CHARY(5 ) ( 1 : 1 ) . EQ . ' F ' .OR .CHARY(5 ) ( 1 : 1 ) . EQ . ' f ' ) BPT=.FALSE.
READ(32 , ' (A30 7 F 10 .0 ) ' , ERR=40 f END=40) CHARY(6),DELT
TRANSIENT=.TRUE.
I F (CHARY(6 ) ( 19 : 19 ) ,NE . 'T ' .AND .CHARY(6 ) ( 19 : 19 ) .NE . ' t ' )

+ TRANSIENT=.FALSE.
READ(32, ' (30X f I5 ) ' ,]3RR=40 f END=40) NWM
READ(32, ' (3F9.2 ) ' ,ERR=40,END=40)

+ (XP ( I f 0) ,YP ( I ,0 ) ,ZP ( I ,0 ) 7 I = l f NWM)
DO 1=1fNWM

NMP(I)=0
ENDDO

40 CONTINUE
NOTREAD=.TRUE.
CLOSE(UNIT=32)
GOTO 10

C
C POST LOCATION
C

ELSEIF ( IOPT.EQ.7) TH33N
GRHGL=.TRUE.
CLOSE(UNIT=66)
FILE (7) = ' ; '-//FILE(7)
CALL FILEOP(0,32, 'SAVE BOUNDARY LINE FORMAT : ' ,F ILEj (7) )
DO I=1,NWM
WRITE (32 , ' ( I 12 f F9 .0 / l H [ / I 3 ) ' ) MTSI+1 ,0.0,1



W R I T E ( 3 2 f ' ( 3 F 9 . 2 ) ' ) (XP ( I fJ ) ,YP ( I , J ) ,ZP ( I , J ) , J =0 ,MTS I )
ENDDO
close(unit=32)
GOTO 10 o

ELSEIF (IOPT.GT.7 .AND. IOPT.LT.12) THEN ^ '"
ERR=SET_XOR(1) O *
DO 25 1=1,NWM g ..

IF (XP( I ,0) .LT.XMIN1) GOTO 25
IF (XP( I ,0) .GT.XMAX1) GOTO 25
IF(YP(I ,0) .LT.YMIN1) GOTO 25
I F (YP( I ,0 ) .GT.YMAX1 ) GOTO 25
IF( IOPT.EQ.9 .OR. IOPT.EQ.8 ) THEN

IF(HGLW) WR ITE (66 , ' (A5 ) ' ) ' SP 3; '
IRAD=RADM
RADX=RAD •
CALL SET_COLOR(12) •

ELSEIF (YP( I , IT ) .EQ.0-0) THEN
IF(HGLW) WRITE (66 , ' (A5 ) ' ) ' SP 3; '
IRAD=RADM
RADX=RAD
CALL SET_COLOR(12)

ELSEIF (YP( I , IT ) .NE .0.0) THEN
IF(HGLW) WR ITE (66 , ' (A5 ) ' ) ' SP 7; '
CALL SET_COLOR(10)
IRAD=DF
RADX=PDF

ENDIF
IF( IRAD.LT.O) THEN

IRAD=-IRAD
CALL SET_COLOR(14)
IF(HGLW) WRITE(66, ' (A5) ' ) 'SP 6;'

ENDIF
NES=NES+1
IX=(XP(I,0)-XMINl) *FACT-4
IY=ITW-(YP(I,0)-MINI)*FACT-7
CALL GRAPHIC_TEXT(' * ' , IX,IY,15)

IF(HGLW) THEN
WRITE (66 , ' (A2 , F7 .0 , 1H , , F7 .0 , 1H ; ) ' ) 'PU',

X(II)-XMIN1+1.1*RADX,Y(II)-YMIN1
WRITE(66, ' (A2,A, 1H @ , 1H ; ) ' ) 'LB' ,POS(1 : IL)

ENDIF
ENDIF
IF(HGLW) THEN

WR ITE (66 , ' (A2 , F7 .0 , 1H , / F7 .0 , 1H ; ) f ) 'PU',X(II)-XMIN1,
Y(II)-YMIN1

WRITE (66 , ' (4HFMO; ) ' )
WRITE (66 , ' (A2 , f l5 .3 , lH ; ) ' ) 'CI' ,RADX
WRITE(66, ' (4HP3«2;) ')
WRITE(66, ' (6HF.P;EP;) ')

ENDIF
CALL FILLEDJ2LLIPSE(IX, IY, IRAD^RAD)

CONTINUE
ERR=SET_XOR(0)
WRITE(LINE,'(22HTOTAL NUMBER OF POINTS,I6,3H: # ) ' )NWM
CALL GET_TEXT(LINE,30)
IF(HGLW) CALL CLSJPLT_FILE
GOTO 10

ELSEIF(IOPT.EQ.5) THEN
FILEX=LINE(6:)
IF(FILEX.EQ.' ') FILEX=FILE(12)



FILEX=';'//FILEX
CLOSE(UNIT=32)
CALL F ILEOP(0 ,32 , 'NODES AND MEASUERMENTS : ' ,FILEX) f^
IF (FILEX.EQ. 'QUIT' ) RETURN ^f
IF (F ILEX.EQ. ' . . . -CANCELLED7 ) RETURN 2
FILE(12)=FILEX . O
WRITE (3 2 , 1050 ) 'START TIME ' , ISTPO, ' T S INCREM' , NPLOT
WRITE (32 ,1000)'MAXIMUM TIME STEP TO PLOT ',MAXTSP
IF (BPT) WRITE(32, ' (A ) ') 'BACKWARD PARTICLE TRACKING'
IF(.NOT.BPT)WRITE(32, ' (A) ') 'FOWARD PARTICLE TRACKING'
IF (TRANSIENT) THEN

WRITE(32,1010)'TIME STEP LENGTH (TRANSIENT) ',DELT
ELSE

WRITE(32,1010) 'TIME STEP LENGTH (STEADY STATE',DELT
ENDIF
WRITE(32,1000) 'TOTAL NUMBER OF ACTIVE POINTS=',NWM
WRITE (32 , ' ( 3F9 .2 ) ' ) (XP ( I ,0 ) ,YP ( I ,0 ) ,ZP ( I ,0 ) , 1 = 1 ,NWM)
CLOSE(UNIT=32)
GOTO 10

ELSEIF(IOPT.EQ. 4) THEN
20 CHARY(1)='@ * *EDITING TRACKING VARIABLES*'

CHARY(2)= 'TITLE: '//TITLE(1 :34)
WRITE(CHARY(3) , 1050) 'START TIME ' , ISTPO, ' T S INCREM',NPLOT
WRITE (CHARY (4) ,1000)'MAXIMUM TIME STEP TO PLOT ' ,MAXTSP
IF (BPT) WRITE(CHARY(5) , ' (A) ' ) 'BACKWARD PARTICLE TRACKING'
IF ( .NOT.BPT)WRITE(CHARY(5) , ' (A) ' ) 'FOWARD PARTICLE TRACKING'
IF (TRANSIENT) THEN
WRITE(CHARY(6), 1010) 'TIME STEP LENGTH (TRANSIENT) ',DELT
ELSE
WRITE(CHARY(6), 1010) 'TIME STEP LENGTH (STEADY STATE',DELT
ENDIF
WRITE(CHARY(7), 1000)'TOTAL NUMBER OF ACTIVE POINTS=',NWM
11=7
DO 1=1,NWM

NMP(I)=0
11=11+1
IF( I I .LT.80) THEN

WRITE(CHARY( I I ) , ' (3F9.2) ' ) XP ( I , 0 ) ,YP ( I , 0 ) , ZP ( I , 0 )
ENDIF

ENDDO
LX1=LX-300
IY=22
CALL DIALOG(LXl, IY,40 f I I , IL)
READ(CHARY(2) , ' (6X,A34)' ,ERR=20,END=20) TITLE
READ(CHARY(3) , ' (2 ( l lX r I5 ) ) ' ,ERR=20,END=20) ISTPO,NPLOT
READ(CHARY(4) , ' (30X, I5 ) ' ,ERR=20,END=20) MAXTSP
BPT=.TRUE.
I F (CHARY(5 ) ( 1 : 1 ) . EQ . ' F ' ) BPT=.FALSE.
TRANSIENT=.TRUE.
I F (CHARY(6 ) ( 19 : 19 ) .NE . 'T ' .AND .CHARY(6 ) ( 19 : 19 ) .NE . ' t ' )

+ TRANSIENT=.FALSE.
READ(CHARY(6) , ' (30X,F10.0) ' ,ERR=20,END=20) DELT
READ(CHARY(7) , ' (30X, I5) ' ,ERR=20,END=20) NWM
11=7
DO 1=1,NWM
11=11+1
IF( I I .LT.SO) THEN

READ(CHARY( I I ) , ' (3F9.2) ' ,ERR=20,END=20)
+ XP ( I ,0 ) ,YP ( I ,0 ) , ZP ( I ,0 )

ENDIF



ENDDO
GOTO 10

1000 FORMAT(A30,15)
' 10 FORMAT(A30,F10.2)

JO FORMAT(A24,F6 . 1 , IX ,A2,F6 . 1 )
1030 FORMAT(A17 ,F6 . 1 , IX ,A7,F6 . 1 )
1040 FORMAT(A17,F6 . 1 , IX fA7,F9. 1 )
1050 FORMAT(All ,15,All ,15)
1300 FORMAT(A)

ELSEIF(IOPT.EQ. 12) THEN
IF(NOTREAD) GOTO 50
GOTO 101

ELSEIF(IOPT.EQ.IS) THEN
IB=0
DO WHILE ( IB .NE.2)
CALL GET_USER(IB,IX,IY,KEY,LINE)
IF ( IB .EQ.2) GOTO 10
XX=IX*FACTI+XMIN1
YY=(ITW-IY)*FACTI+YMIN1
NOTREAD=.TRUE.
IF(X_SECX.OR.XjSECY .OR.X_SECL) THEN

CALL DRAW_JCjSEC(NSXS,NXS,-2,XX,YY)
ELSE

CALL GET_NODE(XX,YY)
ENDIF
I F (MEL( 1 ) .GT .O) THEN

WRITE (L INE , ' (4 (A7, I6 ) ,A7 , 13 ,A3 , 12 , 1H # ) ' ) 'NODE No ' ,MEL( l ) ,
+ ' X-CORD', MEL (2 ) , ' Y-CORD' ,MEL (3 ) , ' Z-CORD' fMEL(4) , ' ,LAYER'
+ ,MEL(5) , ' OF 7 ,MEL (6 )

CALL GET_TEXT(LINE,67)
II=MEL(1)
IF (NWM.GT.200) NWM=200
NWM=NWM+1
NMP(NWM)=0
XP(NWM,0)=X( I I )
YP(NWM rO)=Y( I I )
ZP(NWM,0)=Z( I I )
IF(MODF) THEN

NNWM(NWM)=II
ELSE

CALL GET_ELEM(XXfYY,NEL)
NNWM(NWM)=NEL(1)

ENDIF
ELSE

WRITE(LINE, ' (A) ' ) 'NODE NO WAS NOT FOUND*'
CALL GETJTEXT(LINE,21)

ENDIF
ENDDO
GOTO 10

ENDIFi
: BUILT COMPUTED HEAD MATRICESi
50 CONTINUE

II=NWM*((MAXSTP-ISTPO)/NPLOT+1)
IF(I I .GT.MAXNN.OR.NWM.GT.2*MAXE-20) THEN

CALL BEEP
LINE='BUFFER FOR OVERLAYS WILL BE EXCEEDED REDUCE TIME STPS OR P

+NTS#'
CALL GET_TEXT(LINE,61)



11=1
GOTO 10

ENDIF
WRITE (LINE, ' (A) ') 'IT WILL READ RESULTS FILE OK TO PROCEED [Y/N] : ' £J
CALL GET_TEXT(LINE,46) ^f
IF(LINE(1:1) .EQ. 'N ' .OR.L INE( l : l ) , EQ . ' n ' ) GOTO 10 2
IF (NWM.LE.O) NWM=1 O
INQUIRE (UNIT=33 , OPENED=IOPEN)
IF( .NOT.IOPEN) THEN

CLOSE(UNIT=33)
FILE(4)= ' ; '//FILE(4)
CALL FILEOP (33 ,0 , 'COMPUTED HEAD FILE: ' ,FILE(4))
BINARY =. FALSE.
LINE=FILE(4)
IF(EXT(LINE) .EQ, 'BIN' .OR.EXT(LINE) .EQ. 'bin') THEN

BINARY =.TRUE.
ELSEIF(FILE(4) -NE. 'NUL' ,AND.FILE(4) .NE. 'nul') THEN
WRITE (LINE, ' (A f A20 / 3H ] : )') 'FORMAT FOR RESULTS FILE [ ' , FORMT

CALL GET_TEXT(LINE,48)
IF (LINE(l:l) .EQ. ' (') FORMT=LINE
line='READING INPUT FILES*'call get_text(line,19)

ENDIF
ENDIF
NOTREAD= . FALSE .
OPEN (UNIT=74 , FILE=' DEBUG . TRK' )
IF (TRANSIENT) THEN

KNS=ISTPO-1
ELSE

WRITE (LINE,' (A) ') 'STEADY STATE PARTICLE TRACKING #'
CALL GETJTEXT(LINE,34)
KNS=0
CALL READR(KNS)
CALL VELOCITY ( COMPUTE , 1 )
I F (DELT .EQ.O.O) THEN

CALL BEEP
WRITE (LINE,' (A) ') 'REQUESTED TIME INCREMENT IS ZERO #
CALL GETJTEXT(LINE,34)
GOTO 10

ENDIF
DELT=ABS(DELT)
IF(BPT) DELT=-DELT

ENDIF
IF(NPLOT.EQ.O) NPLOT=1
11=0
IB=ISTPO
I2=MAXTSP
I3=NPLOT
IF(BPT) THEN

I2=ISTPO
IB=MAXTSP
I3=-NPLOT

ENDIF
LAYCOL=NLAY *MAXCOL
DO 1=1, NWM

NMP(I)=0
IF(NNWM(I) . EQ .O ) THEN

CALL GET_ELEM(XP(I,0) , YP(I , 0) ,NEL)
IF(NEL(1) .GE. l ) THEN



NNWM(I)=NEL(1)
ELSE

NNWM(I)=1
LOKAR=NE JS;

ENDIF '^t
ENDIF 2

ENDDO O
DO 1=18,12,13

IF (TRANSIENT) THEN
NSTP=I
CALL READR(KNS)
IF(KNS.NE.I) THEN

CALL BEEP
WRITE (LINE, ' (A) ') 'REQUESTED TIME STEP IS NOT PRESENT*'
CALL GET_TEXT(LINE,34)
GOTO 10

ENDIF
IF(KNS.LT.I) THEN

MAXTSP=ABS(KNS)
GOTO 100

ENDIF
CALL VELOCITY (COMPUTE,!)
DELT=DELTMF(I)
IF(BPT) DELT=-DELTMF(I)

ENDIF
11=11+1
MTSI=II
11=11-1
WRITE(74, ' (A , I7 ,F 12 .4) ') 'TIME STEP ' , I , DELT
DO J=1,NWM

IF (NMP(J) .NE .O) THENxp(j,i i)=xp(j,ri)
ELSE
IF (MODF) THEN

N=l
L=l
HALT=. FALSE.
DO WHILE (XP(J, II) .GT.XYZM(N,1) .AND.L.LE.MAXCOL)

L=L+1
N=N+NLAY

ENDDO
IF(L.GT.l) THEN

N=N-NLAY
L=L-1

ENDIF
ICOL=L
IF(L.EQ.1 .AND.XP(J, I 1 ) . LT.XYZM(N, 1) ) HALT=.TRUE.
IF(L.GT.MAXCOL,AND.XP(J,I1 ) .GT.XYZM(N, 2) ) HALT=.TRUE.
L=l
DO WHILE (YP(J,:C1) .LT.XYZM(N,4) . AND.L.LE.MAXROW)

L=L+1
N=N+LAYCOL

ENDDO
IF(L.GT.l) THEN

N=N-LAYCOL
L=L-1

ENDIF
IROW=L



IF (L .EQ. 1 .AND.XP(J , I 1 ) . GT. XYZM(N, 4 ) ) HALT=.TRUE.
IF(L .GT.MAXROW.AND.XP(J, I 1 ) . LT.XYZM(N, 3) ) HALT=.TRUE.
DO WHILE(ZP(J,I1 ) -LT.PRM(N, 10) . AND. L.LE.NLAY) Vj-

L=L+1 O
N=N+1 O

ENDDO
IF (L .GT. l .AND.L.GT.NLAY) THEN

N=N-1
L=L-1

ENDIF
IF(L .EQ.1 .AND.ZP(J , I 1 ) -GT. PRM(N, .12) ) HALT=.TRUE.
IF(L .GT.NLAY.AMD.ZP(J r I l ) ,LT.PRM(N, 10) ) HALT=.TRUE.
IF(PRM(N,3) . E Q . 2 . 0 ) HALT=.TRUE.

ELSE
N=0 I

CALL BEEP
LINE=7NO SUPPORT FOR FININTE ELEMENT PARTICLE TRACKING YET#'
CALL GET_TEXT(LINE/52)

DO 80 NY=NNWM(J) ,MIN(NE f NNWM(J) +LOKAR)
IF(IPRISM(NY77) .EQ. l ) THEN
IF(XP(J,I1 ) ,GE .XYZM(NY r l ) ) THEN
IF(XP(J fI l) .LE.XYZM(NY,2)) THEN
IF(YP(J,I1) .GE .XYZM(NY,3 ) ) THEN
IF(YP(J r I l ) . LE .XYZM(NY,4) ) THEN

DO NX=NY,NY+IPRISM(N,8)-1
IF(ZP(J r I l ) -GT.PRM(NX f 10) ) THEN

IF(N.EQ.NX) THEN
HALT=.TRUE.
GOTO 90

ENDIF
Yl=Y(IPRISM(NX f 1))Y2=Y(IPRISM(NX,2))
Y3=Y(IPRISM(NX,3) )
X1=X(IPRISM(NX,1))
X2=X(IPRISM(NX f2))
X3=X(IPRISM(NX f3))

• XX=XP(J/I1)
A=Y1*(X3-X2)+Y2*(X1-X3)*Y3*(X2-X1)
A1=Y1* (XX-X2) +Y2* (Xl-XXJ+YY* (X2-X1)
IF(A1.GT.A .OR. Al .LT .0.0) GOTO 80
A2-YY* (X3-X2) +Y2* (XX- X3) H-Y3* (X2-XX)
IF (A2.GT.A .OR. A2 . LT .O . .O ) GOTO 80
A3=Y1* (X3-XX) +YY* (X1-X3 ) +Y3* (XX-X1)
IF (A2.GT.A .OR. A3 .LT .O , ,0 ) GOTO 80
N=NX
GOTO 90
NNWM(J)=NY

ENDIF
ENDDO

ENDIF
ENDIF
ENDIF
ENDIF
ENDIF

CONTINUE
DO 85 NY=NNWM(J)-l,MAX(lfNNWM(J)-LOKAR) ,-1

IF( IPRISM(NY,7) .EQ. l ) THEN
IF(XP(J,I1) .GE .XYZM(NY, 1 ) ) THEN



I F (XP (J , I 1 ) . LE .XYZM(NY,2 ) ) THEN
IF (YP (J , I 1 ) ,GE .XYZM(NY ,3 ) ) THEN ^5
I F (YP(J , I 1 ) . LE .XYZM(NY,4) ) THEN ^h

DO NX=NY,NY+IPRISM(N,8)-1 2
IF (ZP(J , I 1 ) -GT.PRM(NX, 10) ) THEN O

IF(N.EQ.NX) THEN
HALT=.TRUE.
GOTO 90

ENDIF
Y1=Y(IPRISM(NX,1))
Y2=Y(IPRISM(NX,2))
Y3=Y(IPRISM(NX,3))
X1=X(IPRISM(NX,1))
X2=X(IPRISM(NX,2))
X3=X(IPRISM(NX,3))
XX=XP(J,I1)
YY=YF(J,I1)
A=Y1* (X3-X2)+Y2*(X1-X3)+Y3*(X2-X1)
A1=Y1*(XX-X2)+Y2*(Xl-XX)+YY*(X2-X1)
IF(A1.GT«A -OR. Al .LT .0.0) GOTO 85
A2=YY*(X3-X2)+Y2*(XX-X3)+Y3*(X2-XX)
IF(A2.GT.A -OR. A2 . LT .O .O ) GOTO 85
A3=Y1*(X3-XX)+YY*(X1-X3)+Y3*(XX-XI)
IF (A2.GT.A -OR. A3 . LT .O ,0 ) GOTO 85
N=NY
GOTO 90

ENDIF
ENDDO
HALT=.TRUE.
GOTO 90

ENDIF
ENDIF
ENDIF
ENDIF
ENDIF

85 CONTINUE
NMP(J)=-II
HALT=«TRUE.

ENDIF
90 CONTINUE

IF (HALT) THEN
IF (NMP(J ) .EQ.O) NMP(J)=II
XP(J,I I )=XP(J,I1)
YP(J f I I ) =YP(J/ I l )ZP(J f I I)«ZP(J,I l)

ELSE
DTOPOR=DELT/PRM(N, 4)
XP(J,I I )=XP(J,I l )-t-PRM(N,6)*DTOPOR
YP(J, I I ) =YP(J/ I 1 ) +PRM(N/7)*DTOPOR
ZP(J/ I I ) =ZP(J, I 1 ) +PRM(N/8)*DTOPOR

ENDIF
ENDIF

WRITE (74, ' (5 14 ,3F 10 .4 ,3F8 .4 r F5 .3 , 13 ) ' ) J ,N 7 L f IROW, ICOL ,XP(J , I I )
+ ,YP(J, I 1 ) ,ZP(J, I 1 ) ,PRM(N,6) ,PRM(N,7) ,PBH(N,8) fPRM(N f4) ,NMP(J)

END DO
END DO

C
C BUILD THE OVERLAY FOR DISPLAY
C



100 CONTINUE
MAXAE=MAXE-10
IF (LAM.EQ.O) LAM=1
IF(MENU12(LAM)(1 :8) .NE. 'P_TRACKS') THEN

N=LYIN(LAM,3) i END IN XLAY
LAM=LAM+1

ELSE
N=LYIN(LAM,2)-1

ENDIF
Jl=l
JJ=NWM
IF(NWM.GT.MAXAE) JJ=MAXAE

110 LYIN(LAM,2)=N+1
LYIN(LAM,5)=LAM
OVRLY ( LAM) =. TRUE.
IF(MENU12(LAM-1) ( 1 :8).EQ . 'PJTRACKS') THEN

menul2(LAM)»'P_TRACKS2'
ELSE

menul2 (LAM)«' P_TRACKS'
ENDIF
ERR=SET_COLOR ( LAM)
11=0

SUFFER BONDARY FILE
11=10
CLOSE(UNIT=74)
DO I=JlfJJ

L=0
N=N+1
DO J=N,N+MTSI

XLAY(J)=XP(I,L)
YLAY(J)=YP(I ,L)
ZLAY(J)=ZP(I/L)
L=L+1

END DO
N=N+L-1
11=11+1
LYIN (LAM, II) =N

END DO
II=JJ-J1+1
LYIN(LAM,3)=N
LYIN(LAM,1)=11+10
WRITE(LINE, ' (A16, I2,A13, I3,A15, I6) ') 'RE^^D OVERLAY

+ ' No. ENTITIES',11, ' NO OF VERTICES',LYIN(LAM,3)-LYIN(LAM,2)+1
LINE(56:56)= ' # '
CALL GET_TEXT(LINE,55)
CALL OVERLAY(99)
IF(NWM.GT.MAXAE.AND.Jl, .EQ.l) THEN

JJ=NWM
IF(NV?M.GT.2*MAXAE) JJ=2*MAXAE
N=LYIN(LAM,3) I END IN XLAY
LAM=LAM+1
J1=MAXAE+1
GOTO 110

ENDIF
CONTINUE
RETURN
END

o
1——4O



OO W*

^O •_,—i >•:O *"

APPENDIX I

Calculations to Evaluate Diffusion of Arsenic Through the Slurry Wall
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Estimates of the number of years to reach an arsenic concentration of 50 jig/L by diffusion °
through the.slurry wall were calculated using Equation 1.

c = erfc
o 4D*t \1/2 (1)

where
C(x) = the arsenic concentration outside the wall (50 ^g/L),

C0 = the arsenic concentration inside the wall (6900 ̂ g/L and 69000 i>
erfc = the complementary error function,

x — horizontal distance of slurry wall (3 ft or 91.44 cm),
D* = effective diffusion coefficient,
t = tune in years, and

R = retardation factor.
Equation 1 was provided by the United States Environmental Protection Agency's (USEPA)
Office of Research and Development (Ada, OK). Many of the parameters in Equation 1 were
estimated in the calculations performed by USEPA. To provide a more realistic assessment of
the rates of diffusion, Hydrologic Consultants, Inc. (HCI) reevaluated the effective diffusion
coefficient and the retardation factors. Using the reevaluated parameters, HCI performed
additional calculations to estimate the number of years to reach a concentration of 50 ̂g/L
outside the wall.
EFFECTIVE DIFFUSION COEFFICIENT
The diffusion coefficient (D) used in calculations by USEPA was estimated using ionic
(crystalline) radii and the Stokes-Einstein equation. The USEPA estimated a D of S.TxlO75

cm2/sec (1,100 cm2/year. HCI used a value of D that was based upon measured values for
diffusion of H2AsO4" in water (Li and Gregory, 1974). The value selected by HCI was 9.05xlO~6

cm2/sec (285 cm2/year).
Diffusion coefficients for other species of arsenic are not expected to differ significantly from
the value reported by Li and Gregory for H2AsO4". Equation 2 (Schwarzenbach et al., 1993)
provides a method to estimate the diffusion coefficient for a compound when the diffusion
coefficient is known for a similar compound. Equation 2 requires molecular weights for the
compound whose diffusion coefficient is known and for the compound whose diffusion
coefficient is unknown.
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The equation to estimate diffusion coefficients is:

Dw(unknown)
Dw(known) (2) -H

where
m = is the molecular weight, and

Dw = is the diffusion coefficient in water.
Other arsenic species, likely to be present at the site, have molecular weights similar to that of
H2AsO4". Because the molecular weights of the other arsenic species are similar to H2AsO4~,further adjustment of the value for D, using Equation 2, was not warranted.
The effective diffusion coefficient (D*) is obtained by

D* = co/5 (3)

where w is a correction factor that accounts for tortuosity. Typically oj has a value less than 1 .0.
Standardized methods for estimating to are not available. Therefore, three different methods
were used to evaluate o>. Two methods were cited by Domenico and Schwartz (1990). They
report that the porosity can be used to define an upper and lower limit for o>. The upper limit
was defined by:

D* = -D2 (4)

where n is the porosity.
The lower limit was provided by:

D' = (2-n) (5)

In Equations 4 and 5 a measured porosity of 0.41 was used for the slurry wall.
The third method was used to verify the range of possible values for o>, and to check the validity
of the approaches defined in Equations 4 and 5. The third method used measurements of
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chloride diffusion in a mixture of bentonite and crashed basalt (Relyea et al., 1986). The
measurements provide the effective diffusion coefficient for an unretarded tracer. The ratio of
effective diffusion coefficient to aqueous diffusion coefficient (Li and Gregory, 1974) provides
a direct value of o>.
Several different values for the effective diffusion coefficient for chloride were included in the
report by Relyea. The different values were associated with different bulk densities for the
mixtures of bentonite and basalt. The effective diffusion coefficient from the experiment that
used the mixture with a bulk density closest to that of the slurry wall (101 Ibs/tf) was selected.
The three values for D* were; 58.5 cm2/year (Equation 4), 40.2 cnrVyear (chloride tracer), and
19.0 cnrVyear (Equation 5). The median value of 40.2 cm2/year was selected for use in
subsequent calculations.
RETARDATION FACTOR
The time required for arsenic to attain a concentration of 50 ̂g/L outside the slurry wall is
directly proportional to the retardation factor (R). In the initial estimates prepared by the
USEPA, two values for the retardation factor were used. HCI used values for retardation
factors that are based upon analyses of samples from the site. Using a distribution coefficient
of 0.69 ml/g, a retardation factor of 4.6 was calculated. The distribution coefficient value of
0.69 ml/g was obtained from concentrations of soil and ground- water samples collected from
MW-3 (Appendix C). The average distribution coefficient of 3.6 ml/g obtained from the
adsorption/desorption experiments (Section 6.4.2) was used to calculate a retardation factor of
19.7. Both retardation factors were used in the calculations that follow.
ESTIMATED NUMBER OF YEARS TO ACHIEVE A CONCENTRATION OF 50 pg/L
OUTSIDE THE SLURRY WALL (STATIC SYSTEM)
Equation 1 demonstrates that the time required for any point to reach a specified concentration
(C(x)) is proportional to the square of its distance from the surface (C0) (Crank, 1975). If the
arsenic has to diffuse through a distance of ten feet, instead of the three feet of slurry wall, the
number of years will increase by a factor of eleven. Diffusion through thirty feet, instead of
three feet, will take one hundred times longer.
Under conditions present at the site, the distances that arsenic must diffuse will be much greater
than the three foot width of the slurry wail. In most locations at the Crystal Chemical Site, the
slurry wall will be a minimum of ten feet away from the arsenic-bearing ground water. This
distance is far enough that a minimum of several hundred years is required until a concentration
of 50 jtg/L is achieved outside the wall.
Because the tortuosity factor, used to define D*, is only a function of porosity (Equations 4 and
5), the rates of diffusion through sediments enclosed by the slurry wall and the rates of diffusion
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through the slurry wall will be similar. Because the diffusion rates in the slurry wall and in the *
sediments are similar, Equation 1 can be used without modification.
Using the value for D* and the retardation factors derived above and assuming that the arsenic
must diffuse through seven feet of sediment inside the wall and three feet of slurry wall for a
total distance of ten feet results in minimum timeframes of 440 to approximately 2000 years until
a concentration of 50 ̂g/L is reached outside the slurry wall.
Table 1-1 displays the number of years required to reach a concentration of 50 ̂g/L by diffusion
through the slurry wall. The table includes times based upon the different estimates of the initial
concentrations of arsenic. The initial estimates of concentration of 6,900 and 69,000 jig/L were
used by the USEPA in their calculations. The results in the table show that the initial
concentration of arsenic has less influence on the number of years than does the retardation
factor.
The numbers of years listed, in Table 1-1 are estimates for arsenic diffusion through seven feet
of sediment and three feet of slurry wall for a total distance of 10 feet. Throughout much of
the site the total distance of ten feet is conservatively low. The location of much of the slurry
wall is planned so that distances from the arsenic-bearing water to the inside of the slurry wall
are greater than ten feet. In some locations, much greater distances between the arsenic-bearing
water and the wall were already planned. For example, on the east side of the site, arsenic must
diffuse a distance of more man 100 feet (Figure 60) before even reaching the slurry wall. With
advective transport halted, the number of years until high concentrations of arsenic diffuse
through the sediments to even reach the inside of the slurry wall is expected to be much longer
than the times listed in Table 1-1.

EVALUATION OF THE FLUX OF ARSENIC THROUGH THE SLURRY WALL
In a few locations it will not be possible to increase me distance between the arsenic-bearing
ground water and the slurry wall. These locations include the two small zones outside the slurry
wall in the 15-foot sand zone and the area along the western side of the property south of
Westpark Drive. To evaluate the expected impact to these three areas an alternative version of
Equation 1 was used. The alternative version provides a direct measurement of the flux across
a boundary. The alternative version of Equation 1 is commonly presented as Pick's First Law
(Crank, 1975),

F = -Z > * ^ . (6)dx

Equation 6 describes the flux (F) of arsenic across a plane of unit dimensions. Equation 6 states
that the net flux of arsenic is proportional to the concentration gradient. The movement of
arsenic by diffusion is a random process. At a gradient of zero, the molecules continue to
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move but the number of molecules that move in one direction is equal to the number of
molecules that move in the opposite direction. Therefore, the net flux is zero.
Qualitatively we can evaluate the flux of arsenic across the slurry wall in the parts of the 15-foot
sand zone that cut across the arsenic-bearing water. The chemical gradient across the wail in
the area of the 15-foot sand zone is expected to be small. Arsenic fluxing out from the wall will
be similar to the amount of arsenic that is fluxing in to the area enclosed by the slurry wall.
The net flux will be very close to zero across the wall. Therefore, in the 15-foot sand zone, the
flux of arsenic across the slurry wall will have a minimum impact on the amount of arsenic
outside the slurry wall.
ESTIMATED NUMBER OF YEARS TO ACHIEVE A CONCENTRATION OF 50 /tg/L
OUTSIDE THE SLURRY WALL (FLOWING SYSTEM)
Due to physical constraints in the southwest portion of the site, there is not enough room to
locate the slurry wall away from the arsenic-bearing ground water. Because arsenic-bearing
ground water will be outside the slurry wall, the initial chemical gradient across the wall is
expected to be small and the net flux of arsenic across the wall will also be small. The chemical
gradient will increase as the pump and treat system removes arsenic-bearing water from the
channel sands. However, because the flow of ground water through the channel is significant,
any arsenic that fluxes through the wall will be diluted and concentrations are expected to remain
low. The calculation that follows provides an initial estimate on the number of years needed
until a concentration of 50 /ig/L is reached throughout the sand channel.
The calculations described above, and summarized in Table 1-1, estimated the number of years
for arsenic to diffuse through and achieve a concentration of 50jug/L at the outside edge of a ten
foot wide sediment and slurry wall barrier system. The calculations assumed that the system
is completely static. Such an assumption allows the use of Equation 1 without additional
qualifications.
Ground- water flow, particularly within the 35-foot sand, channel, will dilute arsenic that diffuses
through the slurry wall. Because of dilution, a sample collected within the 35-foot sand channel
will have a concentration much lower than the concentration estimated using Equation 1 . A
more realistic calculation would include the affect of dilution on the final concentration.
HCI calculated the affect of dilution on arsenic concentrations in the 35-foot sand channel south
of Westpark Drive. The alternative calculations estimate the mass of arsenic that must exit the
wail in one day to reach a concentration of 50 ̂g/L in the water in the 35-foot sand channel that
passes by the wall in one day.
The calculation for the flowing system uses the principle of conservation of mass. The mass of
arsenic that fluxes, per unit time, through the outside edge of the wall must be proportional to
the gradient at the outside edge of the wall. That mass of arsenic can then be diluted into a the
volume of ground water that flow past the wall per unit time. To perform the calculation, the
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cac•*sdaily flux of arsenic through the outside edge of the slurry wall was estimated using Equation O
6. The chemical gradient across the last centimeter of the wall was estimated using Equation 1. ^"*O
The first simplifying assumption is that Equation 1 can be applied to the problem. The validity
of the assumption will be evaluated after the calculation is completed. Another simplifying
assumption is the use of a steady state approximation. The calculation was designed to estimate
the time until the daily flux of arsenic through the wall was large enough that the concentration
of arsenic in ground water was 50 ^g/L.
The calculation was performed in several steps. The first step was to estimate the daily flow
of water through the sand channel. The dimensions of the 35-foot sand channel were estimated
to be 120 feet wide, 700 feet long, and 17 feet deep. Next, the flux (Q) of ground water was
estimated using the following equation:

Q = KiA (7)

where:
K = the hydraulic conductivity (28.35 ft/day),
i = the hydraulic gradient (0.005), and

A = the cross-sectional area of the channel (2.16 x 103 ft2).
Q was estimated to be 306 ftVday or 8.67 x 103 liters/day.
Then the initial concentration (C0), which is needed for Equation 1, was defined. The three
transects south of the property (Figures 16, 17, and 18) provided evenly spaced data on the
concentration of arsenic near the edge of the slurry wall. An average arsenic concentration of
89,700 jug/L was obtained from analyses of ground-water samples from the transect borings
T1A, TIB, T2B, and T3B. These borings represent samples of ground water from inside the
wall. Each of the transects was given an equal weight therefore, the two analyses from T1A
(230,000>g/L) and TIB (236,000 jig/L) were averaged first and the new value (233,000 pg/L)
was used with the values from the other two locations.
The concentration gradient of arsenic was then estimated across the last centimeter of the slurry
wall. Gradients were calculated by first calculating the value of erfc (Equation 1) for an
assigned concentration at a distance of 91.44 cm. The distance of 91.44 cm corresponds to the
three foot width of the slurry wall. The equation was solved for time. The distance was then
reduced by one centimeter to 90.44 cm, and the equation was solved for a new value of the erfc.
The value of erfc was then converted to a concentration of arsenic 1.0 cm inside the outside edge
of the wall. The difference between the concentration (C in Table 1-2)) at 90.44 and 91.44 cm
divided by one centimeter is the concentration gradient at the edge of the wall at a time when
the concentration at the edge of the wall has been assigned.
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To calculate the concentration of arsenic in the channel, the flux through the slurry wall was
estimated. The flux corresponds to the daily mass of arsenic delivered to the channel. The mass
of arsenic was divided by the volume of water that flows through the channel per day to obtain
a concentration. The calculations are summarized in Table I-21.
To produce an average concentration of 50 /zg/L throughout the sand channel, the outside edge
of the slurry wall that is in contact with the 35-foot sand channel must have a concentration of
arsenic that is 9000 /ig/L. Assuming that the slurry wall has an average retardation factor of
4.6, it will take at least 175 years to achieve a concentration of 9000 jug/L at the outside edge
of the slurry wall. At a retardation factor of 19.7, the number is 756 years. The calculation
also assumed that the pump and treat system has reduced the concentration of arsenic outside
the slurry wall to zero. If arsenic remains in the channel the net rate of flux through the wail
will be smaller than estimated in the calculation.
A review of the results from the calculation indicates that the concentration of arsenic in the last
cm of the wall is still only ten percent of the initial concentration. The relative flux outward is
much greater than the flux inward. Therefore, Equation 1 provides a reasonable representation
of the diffusive flux through the wall even in a flowing system, and the approximations based
upon using Equation 1 are valid.
CONCLUSIONS
Proper design and construction of the slurry wall can effectively limit release of arsenic to the
surrounding area. Based upon concentrations specified by the USEPA, the minimum number
of years until concentrations of arsenic exceed 50 jug/L by diffusion through the slurry wall have
been identified in Table 1-1. The estimates range from 460 to 3200 throughout most of the site.
Furthermore, in those sections of the wall that are close to areas of high concentrations of
arsenic, notably along the western edge of the property, the small flux of arsenic across the wall
coupled with the flow of water past the wall will maintain concentrations of arsenic in the
channel below 50 /xg/L for a minimum of 175 years and possibly as long as 756 years. The
flow of ground water has a profound effect on the concentration of arsenic in the 35-foot sand
channel.

'The units of F obtained from Equation 7 are mass area"1 time"1. In these particular calculations, the units are
ng cm'2 day1. The length of the wall along the western side of the property, as measured from the ground-water
divide near Westpark Drive to the southern edge of the property, is approximately 700 feet. Table 1-2 shows that
it takes 176 years to reach a concentration of 50 /zg/L in the channel. At that time, the gradient was calculated to
be 341 ng/cm4 ((9341 ng/cm3 - 9000 ng/cm3)/! cm). Using a D" of l.lxlO" 1 cm2dayl, results in a flux of 3.75 x
101 ng cnrMay1. The area of the wall is 1 . 17 x 107 cm2 for a total flux of 4.4 x iO5 fig/day. After emerging from
the wall, the 4.4 x IO3 ̂ g of arsenic would be diluted into 8.67 x IO3 liters for an average concentration of 50 /tg/L.
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GROUND-WATER MONITORING PLAN
This appendix identifies requirements for monitoring ground water at the Crystal Chemical Site
in Houston, Texas. The monitoring plan will be implemented after a system for ground-water
remediation has been installed. This monitoring plan has been prepared by Hydrologic
Consultants, Inc. (HCI) for Southern Pacific Transportation Company (SPTCo).
BACKGROUND
In the Technical Impracticability (TI) Report (HCI, 1995), three different scenarios were
identified as possible remedial strategies for the site. Scenario 1 was the full-scale pump and
treat system mandated by the United States Environmental Protection Agency (USEPA).
Scenario 1 was rejected as a viable remediation strategy because it is technically impracticable
to pump and treat ground water at the site to the water quality criteria required hi the Record
of Decision (USEPA, 1990).
Scenario 2 in the TI Report was the reinjection option scenario. The TI report demonstrated no
advantage to using a reinjection option.
Scenario 3, evaluated the installation of a slurry wall around most of the arsenic-bearing ground
water, a pump and treat system was included for the area south of the property that remains
outside of the slurry wall. Two other small areas were also outside of the TI zone. The
monitoring plan described below assumes that Scenario 3 is the remedial strategy implemented
at the site.
MONITORING OBJECTIVES
The primary objective of the monitoring plan will be to validate that the slurry wall and pump
and treat system are operating as designed and constricted. The monitoring plan will place
special emphasis on detection monitoring, i.e., assessing whether arsenic is contained within the
slurry wall. Therefore, most efforts will involve sampling and analyzing ground water for
arsenic in the monitoring wells located outside the slurry wall.
A secondary objective will be to evaluate the performance of the pump and treat system located
in the southern portion of the site outside of the slurry wall. Monitoring of ground water near
the pumping well will be performed to evaluate mass removal rates and to assess if the pump
and treat system will attain the concentration goals specified in the ROD. Monitoring of ground-
water levels and concentrations of arsenic in the area south of the slurry wall will help verify
that the pump and treat system is preventing the expansion of the arsenic-bearing ground water.
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A third objective is to assure that head does not build up inside the slurry wail by monitoring
the performance of the pressure relief system. The pressure relief system may, if needed, be
located north of Westpark Drive. The pressure relief system is expected to consist of a trench
or series of trenches at approximately 20 to 25 feet below ground surface. The system would
capture infiltrating water before it reaches the 35-foot zone. The trenches would drain into a
sump and the water will be pumped out of the sump.
DESCRIPTION OF SCENARIO 3
For Scenario 3 in the TI Report, HCI assumed that a slurry wall will enclose most of the
arsenic-bearing ground water. Three areas will not be contained within the slurry wall (Figure
J-l). These three areas have specific monitoring requirements that are described below. One
of the areas is south of the property, where the extraction system will be installed. The
remaining two locations are two small areas within the 15-foot sand zone. One area is east of
the slurry wall and the other area is west of the slurry wall.
Computer model runs were performed to select the location of the pumping well that will be
placed south of the slurry wall. The optimum location for the well was between MW-30 and
the slurry wall (see Figure 62 of main report). The estimated pumping rate was between 2.5
to 5.0 gallons per minute.
HCI also assumed that a pressure relief system would be installed in the uncapped area north
of Westpark Drive. The pressure relief system is designed to capture percolating water before
it contacts arsenic-bearing water. Treatment of the infiltrating water is not anticipated and it is
planned that the water will be disposed of directly in the sewer system. Water collected from
the pressure relief system will be sampled and analyzed for total arsenic. The frequency of the
monitoring will be in accordance with the City of Houston Industrial Waste Permit Number
6109.
LOCATION OF MONITORING WELLS
Under Scenario 3, the primary purpose of the monitoring plan is to detect release of arsenic-
bearing ground water to areas outside the slurry wall. Therefore, the ability to detect changes
in low levels of arsenic in ground water will be the main priority of the plan.
Ideally, monitoring wells should be located in areas that, at the start of the monitoring program,
have low concentrations of arsenic. The reason that low initial concentrations are desirable, is
that small changes in the concentration of arsenic will be more quickly identified and corrective
measures implemented in a timely manner. Well locations have been selected utilizing such
criteria. The final location of any new wells, selected for detection monitoring, should be in
areas with low concentrations of arsenic. The monitoring wells near MW-30 are an exception,
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because the wells near MW-30 will be used to monitor the performance of the pump and treat
system.
The following existing wells (Table J-l), screened in the 35-foot zone, will be monitored for
water levels, and total arsenic concentrations; MW-17A, MW-30, and MW-33. These wells are
located outside the slurry wall. Except for MW-30 the wells have low initial concentrations of
arsenic.
Ground water from MW-8 does not contain significant concentrations of arsenic-bearing ground
water, so it would be an ideal well for detection monitoring. However, MW-8 is within the
proposed location of the slurry wall. Depending upon the final location of the slurry wall, MW-
8 may be used to monitor the performance of the pressure relief system, if it is within the slurry
wall. If MW-8 remains outside the wall it can be used for detection monitoring.
The existing wells considered for use as detection monitoring locations (MW-8, and MW-17A)
do not contain significant concentrations of arsenic in ground water. Five additional monitoring
wells, screened in the 35-foot zone, will be needed to complete the perimeter of wells. As
identified on Figure J-l, the new wells will be located in area 35A (north of the slurry wall),
35B (northeast of the sluny wall), area 35C (southeast), area 35D (south) and area 35E
(southwest). The new wells should be located in areas that contain low levels of arsenic.
The performance of the pressure relief system will require monitoring. After construction of
the pressure relief system, a decision will be made related to using MW-8, MW-20 and MW-23
to monitor the pressure relief system.
Monitoring well MW-19 is screened within the 15-foot sand channel. Water level measurements
from MW-19 when used in conjunction with the new well installed in Area 15A (Figure J-l) will
provide information about hydraulic gradients in the sand channel. Although the arsenic
concentrations in MW-19 ate greater than 50 jig/L, chemical data from MW-19 shall continue
to be collected. Any changes in concentration of arsenic observed in MW-19 will help in the
evaluation of the area outside the slurry wall.
Two additional wells will be installed in the 15-foot zone to monitor the two small areas outside
the slurry wall that are within the 15-foot sand zone and which previously had arsenic
concentrations greater than 50 j*g/L. The wells will be located in Areas 15A, east of the slurry
wall, and 15B, west of the slurry wall (Figure J-l).
Two wells screened in the 100-foot zone (MW-28A and MW-31A) will be monitored for arsenic
(Table J-l). MW-28A will be used to monitor the 100-foot zone within the area enclosed by
the slurry wall. MW-31A will be used to monitor the area south of the slurry wall near the
pump and treat system.

J-3



O

The performance of the pump and treat system south of the site will be evaluated by monitoring
MW-33 for water levels and concentrations of arsenic. The concentration of arsenic from MW-
30 will be monitored to evaluate removal of arsenic from ground water.
WELL CONSTRUCTION REQUIREMENTS
The monitoring plan uses both existing and new wells to assure that the areal coverage around
the TI zone is complete. New monitoring wells will be two inches in diameter with screen
lengths no longer than 10 feet. Two inch wells provide a small storage volume, but they are
large enough to permit sampling, if required. Wells will be installed in accordance with the
regulations of the State of Texas.

To provide sufficient data to meet the objectives of the sampling plan, HCI recommends that
ground-water samples be collected and analyzed quarterly for the first two years. Annual
monitoring would be performed thereafter. The proposed schedule will provide sufficient data
to evaluate the performance of the slurry wall, pressure relief system, and pump and treat
system. Data obtained from the monitoring of ground water will be summarized in the Annual
Remedial Action Report and in the Ground-Water Extraction Evaluation Report. The Statement
of Work attached to the Unilateral Administrative Order for Remedial Design and Remedial
Action requires annual submittal of the two reports.
The discharge of water from the pump and treat system or pressure relief system will require
a discharge permit from the City of Houston. The discharge permit will have requirements
regarding the frequency of monitoring. For permits of this type, monthly monitoring of
discharged water is usually required.
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HCI HYDROLOGIC
CONSULTANTS, INC.

January 30, 1996 HCI-717

Ms. Aniko R. Molnar
Senior Environmental Project Manager
Environmental Affairs Group
Southern Pacific Lines
Plaza Tower
600 Anton Blvd., Suite 1250 O
Costa Mesa, CA 92626 '
SUBJECT: Response to Comments from United States Environmental Protection Agency's

Headquarter's and National Risk Management Research Laboratory Reviews on
"Assessment of Technical Impracticability of Ground-Water Remediation, Crystal
Chemical Superfund Site, Houston, Texas"

Dear Ms. Molnar:
In accordance with your request, Hydrologic Consultants, Inc. (HCI) has reviewed the comments
related to the Technical Impracticability Report. Comments from two letters were evaluated.
The first letter was from the Office of Emergency and Remedial Responses (Washington, D.C.).
The letter was prepared by Cal James and Peter Feldman, addressed to Lisa Price (United States
Environmental Protection Agency (USEPA, Region 6), and dated October 26,1995. The second
document was a memorandum also addressed to Lisa Price. The second document was prepared
by Scott Hulings of the Office of Research and Development (ORD) at the National Risk
Management Research Laboratory, Ada, OK, and dated October 2, 1995. HCI's responses to
these two letters are included as an attachment, in which, the comments are in italics and HCI's
responses are in regular typeface.
If you have any questions, please contact either of the undersigned.
Sincerely,
HYDROLOGIC CONSULTANTS, INC.

ohn. Mahoney, Ph.D Robert J. Sterrett, Ph.D.
Vice President

JJM/RJS:lrs
Attachments

143 Union Boulevard • Suite 525 • Lakewood, CO 80228
Tel: (303) 988-8033 • FAX: (303) 969-8357

1947 Galileo Court • Suite 101 • Davis. CA 95616
Tel: (916)756-0925-FAX: (916)756-9230



Comments from Office of Emergency and Remedial Response (Washington. D.C.I to Lisa
Price (USEPA. Region 6) Letter Dated October 26. 1995
1. The TI evaluation adequately addresses the components recommended in the Guidance for
Evaluating the Technical Impracticability of Ground Water Restoration (EPA Publication 9734.2-
7.5). Moreover, the site conceptual model is well presented and documented. The history of
arsenic contamination at and adjacent to the site is well delineated. Based on maps and other
subsurface information, the proposed TI zone is satisfactorily defined.
No response is required.
2. A ground-water pump -and treat remedy was mandated by a 1990 Record of Decision. The
remedial action performance analysis presented in the TI evaluation for the Crystal Chemical
site is based on extensive hydrologic modelling, and site-specific geochemical data and
stratigraphic information. Based on these analysis, it is probable that much of the arsenic has
diffused into clays and silts, mechanically dispersed into small dead end pores and/or adsorbed
onto aquifer solids. Thus, the mandated pump and treat remedy would likely require an
unreasonably long timeframe (perhaps several hundred years) to achieve the required cleanup
levels throughout the contaminated aquifers. Therefore, we concur with the TI evaluation's
conclusion that the pump and treat remedy is technically impracticable for much of the site.
No response is required.
3. The TI evaluation proposes that the best alternative remedial strategy for contaminated
ground water at the site is containment by construction of a slurry wall combined with limited
pump and treat (p. 102). The slurry wall would encompass virtually all of the proposed 77 zone
from the surface to the base of the 35-foot zone (see figure 59). The very southeast part of the
contaminated area in the 35-foot zone would not be pan of the proposed TI zone and would be
remediated by a pump and treat approach (see Figures 59 and 60).
Based on the information presented, containment by means of a slurry wall appears to be a
reasonable alternative to the pump and treat remedy selected in the 1990 Record of Decision.
ORD's (Office of Research and Development) concerns, regarding the long-term reliability of
a slurry wall in contact with arsenic-rich aqueous solutions, can be addressed by a well designed
and implemented ground-water monitoring program at the site. Special care should be taken
to monitor the 15-foot, 35-foot and 100-foot zones, as outlined in the TI evaluation, to detect any
unanticipated vertical migration from the contaminated source area (p. 109-110).
No response is required.
4. The slurry wall does not enclose two small areas with low arsenic exceedences in the 15-foot
zone (east and west extremes of the proposed Tlzone in this water-bearing unit; p. 109; Figures
3 and 59). As we understand from our telephone conversation of October 5, 1995, these areas



are not included because of low arsenic concentration and mass, natural containment within a
channel by low permeability material and the technical impracticability of construction and
remediation below the flood-control channel. We recommend this issue be further explained in
the text based on existing data.
The comment is similar to Comment Numbers 14 and 15 from the ORD review presented later
in this attachment. The location of the two zones of arsenic-bearing water outside the slurry
wall are contained within a sand channel that is surrounded by materials with low hydraulic
conductivities. Furthermore, the slurry wall will produce areas of hydraulic stagnation and
prevent advective transport of the arsenic-bearing water along the sand channel. As stated in
Section 10.2 (item 10), ground-water monitoring will be implemented for both areas. Dedicated
monitoring wells will be-placed in the 15-foot sand channel. The wells will be located outside
the area that contains arsenic-bearing ground water.
5. Elevated ground-water arsenic concentrations are recorded for samples from well WSW-1
(see Table 5). This well is screened in the 300-foot water-bearing unit beneath the proposed 77
zone. Based on our telephone conversation of October 5, 1995 you indicate these data are
spurious and are likely a result of contamination introduced to the zone through poor drilling
and well construction practices. It is important that this point be addressed by supplying
information demonstrating the lack of arsenic contamination in the 300-foot zone. The possible
source of the anomalous arsenic concentrations should also be explained.
The comment is similar to Comment Number 5 from the ORD's review. Please refer to that
comment for additional information about the lack of arsenic in the 300-ft zone. With respect
to the possible source of the anomalous arsenic concentrations, improper construction of the well
appears to be responsible for the elevated arsenic concentrations noted in this well. The well
was abandoned in 1993, halting any further migration of arsenic-bearing water to the deeper
zones.
6. ORD's October 2, 1995 memorandum contains several additional comments and issues
regarding the 77 evaluation. Pending resolution of these remaining issues, we see no problem
with proceeding with the alternative slurry wall remedy for the Crystal Chemical site.
Comments from ORD (National Risk Management Research Laboratory) follow.



Comments From Office of Research and Development (Ada. OK) to Lisa Price (USEPA
Region 6) Letter Dated October 2. 1995
Comment 1
1.1.3 - Summary of Factors Affecting Ground Water Restoration
1. (page 5) - It is generally true that contaminants will diffuse into dead-end pores and present
difficulty in recovering these compounds using a pump and treat system. It is unclear what role
this process has at this site since it has not been quantified. A more definitive limitation of pump
and treat lies with the fact that arsenic has had a long period of time and a high concentration
gradient to diffuse into- the low permeable clay and silt units. These units have been
characterized at this site and their role is likely to be significant.
The comment raised the issue of quantifying release of arsenic from the dead end pores. To
some extent the PUMPH model does quantify both release of arsenic from dead end pores and
from the fine-grained sediments. The mass transfer coefficients used in the PUMPH model were
obtained from column leaching experiments of site specific materials. The arsenic released
during the column leaching experiments originated from various sources in the soil column. The
sources could include dissolved and mobile arsenic, adsorbed arsenic, arsenic in solids, and
arsenic in dead end pores.
HCI concurs that the 13-year period of active use at the site (1968-1981), and the 14-year period
that arsenic has remained in the subsurface since closure of the plant constitutes a total period
of 27 years, during which arsenic diffused into dead end pores; interstitial silts and clays within
the sands of the 15-foot zone and the off-channel sands within the 35-foot zone; and deltaic silts
and clays that surround the sands. Although the specific effects of diffusion into dead end pores
has not been quantified, the collective sorption of arsenic by all processes will add significantly
to the time required for remediation by pump and treat technology.
Comment 2
2. (page 5) - It is agreed that treatment technologies generally cannot achieve a treatment
efficiency of 99.99%, especially in-situ. However, the areal extent of arsenic contamination at
100,000 ng/L is limited relative to the arsenic concentration > 50 pg/L and therefore, 99.99%
treatment efficiency is not required over the entire site.
Removal efficiencies, as defined in the TI report, of more than 99.9 percent are required for
seven of the nine capture zones (see Table 21 of TI Report). Four of the zones (A, B, C, and
D) require efficiencies greater than 99.98 percent. The two zones that do not require such a
high level of removal efficiency are Capture Zones E which requires 97.7 percent and Capture
Zone I, which requires 89.8 percent.
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Comment 3
4.3.1.1 - Gradients and Flow of Ground Water
1. It is logical that the ground water flow in the 35' zone is strongly influenced from the 15'
zone, i.e., vertical gradients. Assuming a slurry wall is constructed, it is unclear whether the
resulting ground water flow direction and velocity would strongly influence arsenic transport in
the southern portion of the site, i.e. where a 77 waiver is not being sought. It is recommended
to evaluate this issue farther.
The hydraulic models described in Section 8 .3 .2 of the TI Report evaluated the operation of an
extraction well at various locations south of the slurry wall. HCI is of the opinion that the
discussion in Section 8.3.2 addresses this comment. The flow direction and velocity will be
affected by the slurry wall, but proper placement of the pumping well (as indicated by model
calculations) will limit the effect of the stagnation zone and permit capture of arsenic-bearing
ground water in the area south of the slurry wall.
Comment 4
2. (page 5) - Construction of the slury (sic) wall will change ground water flow directions and
gradients in the areas outside (and inside) the slurry wall. Specifically, the hydraulic disruption
may change the water table level and low lying areas may become saturated, i.e. development
of seepage faces which drain the ground water. It is recommended to evaluate the hydrologic
impact of the proposed slurry wall on the surface water/ground water interactions.
The presence of the slurry wall may change the ground-water flow system in the vicinity of the
Crystal Chemical Site. A review of the MODFLOW models indicates that the impact to the
ground-water and surface-water systems will be minimal. Based on the ground-water models,
the proposed slurry wall will have no affect on the interaction of surface water and ground
water. On the west and the east sides of the slurry wall in the 15-foot zone, the ground-water
flow direction outside of the slurry wall will change from previous east-west direction to a north-
south direction. A slight mounding in water level (about two feet) will occur on the east and
the west sides of the 15 foot zone, outside of the slurry wall. The site is in an area of low
topographic relief. Therefore, the two feet of mounding will not have an impact on surface-
water conditions near the site. Seepage faces, which drain the ground water, cannot develop
because of the slight topographic relief and depth of the ground- water table.
Comment 5
4.5 - Regional Uses of Ground Water
Table 5 indicates that on-site well WSW-1 is contaminated with 750-3600 ppb arsenic and the
well is screened over 287-307' bgs. Earlier in the report, it was concluded that the 300' water



bearing unit was not impacted from waste management activities occurring at the surface. It is
unclear how this conclusion can be made given the compromising data in Table 5. This issue
should be resolved before a final decision is made regarding the technical impracticability
waiver.
The concentrations reported in Table 5 were obtained from the Record of Decision issued in
1990. However, the discrepancies in the data, specifically the differences in concentrations for
the split samples, suggest the data are of poor quality and should not have been reported as valid
data.
In the 1990 ROD, EPA stated that additional hydrogeologic and geochemical characterization
of the zone in which WSW-1 was screened needed to be done. EPA did not consider WSW-1
a valid monitoring point for the 300-foot zone because construction information for WSW-1 as
well as the other onsite well (WSW-2) could not be verified. Therefore, WSW-1 and WSW-2
were abandoned in 1993. Monitoring well MW-26 was installed to replicate monitoring in the
zone in which WSW-1 was installed. The arsenic concentration from MW-26 was 8 jig/L,
consistent with the background concentration in this zone. Data from MW-26, therefore,
demonstrated that the deeper zone had not been impacted by arsenic from the site.
Comment 6
4.6.2 - Arsenic Compounds Present at the Site
The TI Report indicates that arsenic speciation data for the past two years is questionable. The
reason for this error has not been fully explained. Accurate information on arsenic speciation
outside the TI zone may be helpful in evaluating the effectiveness of pump and treat and its
relation to desorption of arsenic from sediments. It is recommended to evaluate the redox
potential andpH, dissolved oxygen, and iron species in the extraction well south of the slurry
wall (in the vicinity of MV/-30). This information may be used to infer the dominant arsenic
aqueous species using Eh-pH diagrams. Sorption or coprecipitation of arsenic species with iron
could control arsenic concentrations in ground water. The slurry wall will change the ground
water flow patterns in the area south of the slurry wall. This may result in change of redox
conditions, arsenic speciation, and desorption rates of arsenic from the sediments. These
changes may also result in the revision of estimated time required in remediating the area south
of the slurry wall.
Based upon numerous inconsistencies between the summed concentrations of the individual
arsenic species and the total arsenic concentration, SPTCo requested that additional measures
be implemented to verify the accuracy of the speciated arsenic data. A series of quality control
samples spiked with known concentrations of arsenic species were prepared. The quality control
samples demonstrated that the laboratory could not obtain reliable data. Based upon the sample
results, it was decided to reject as unusable all recently collected speciated arsenic data.



HCI agrees that more accurate knowledge about the concentrations of the different arsenic ^
species may change the estimated time required for remediation. However, it must be O
remembered that the concentration of total arsenic provides the basis for the regulatory standard
of 50 jig/L total arsenic. Therefore, the calculations of restoration timeframe using
concentrations of total arsenic are appropriate given the regulatory standard.
Estimates of As (V)/As (III) ratios using Eh measurements are simply not reliable (Lindfaerg and
Runnells, 1984; Cherry et al., 1979; Holm and Curtiss, 1989). The presence of organometallic
arsenic species (monomethyl arsenic acid, dimethyl arsinic acid) increases the complexity of the
distribution of species. For example, Holm et al. (1979) identified four As species in sediments
in the Menominee River.
Any recalculations of restoration time frame analyses using speciated arsenic data would require
additional leaching tests and calculations. Such an effort is not warranted. The other application
of speciated arsenic data is in the diffusion calculations. The calculations were performed to
estimate the number of yestrs for arsenic to diffuse through the slurry wall (Appendix J to the
TI). HCI has evaluated the importance of arsenic speciation on the estimated rates of diffusion
through the slurry wall. The generally similar molecular weights of the arsenic species, suggests
that the impact on the value for the diffusion coefficient will be slight.
Comment 7
4.7 - Geochemical Laboratory Studies (Appendix C - Adsorption Models)
It is generally agreed that the time required to clean-up the contaminated sediments will take
longer than 30 years. This is the most important conclusion made in this section. However,
there are numerous technical issues regarding the approach, calculations, and assumptions used
in arriving at this conclusion. Even if these issues were resolved, it is unlikely that the
conclusions of the report would not change. Therefore, these comments are not included in this
technical review.
No response required.
Comment 8
5.6 - Summary of Hydraulic Models
1. Extensive modeling was done to provide some reasonable indication of the expected behavior
of the ROD-mandated pump and treat system. A ground water flow model for the site was
developed using MODFLOW, It was not mentioned if a sensitivity analysis was used to quantify
the uncertainty in the calibrated model due to uncertainties associated with estimates of aquifer
parameters and boundary conditions. It appears unlikely that this would result in a reversal of



the major conclusions of the report. However, for technical completeness, it is recommended
to address this issue.
Based upon the sensitivity analyses performed for the various model calculations, and in
particular, for the restoration timeframe analysis, HCI agrees with the reviewer's statement, "It
appears unlikely that this would result in a reversal of the major conclusions of the report."
Although they were not required for this specific site condition, sensitivity analyses were
performed on the MODFLQW calculations. The parameters selected for the models were based
upon two transient and one steady-state calibration (Section 5 .3 .3 ) . Additional efforts were
expended to find an efficient placement of extraction wells.
The MODFLOW calculations provide a key parameter to the restoration timeframe analysis,
namely, the pore volume exchange rate. A review of the capture zones produced during the first
four years indicates there is sufficient leeway in the capture zone analyses that additional
sensitivity analysis is not warranted. Capture zones developed most of their areal extent in the
first year. The sizes of the capture zones do not change significantly between two to four years.
Consequently, the impact of changes to hydraulic parameters from the MODFLOW'calculations
on the time to achieve restoration is minimal.
HCI performed numerous sensitivity analyses to evaluate the role of pore volume exchange rate
on the number of years required to open to the pump and treat systems (Section 6.4 and
Appendix C). The report concluded that change in flow rates will have limited effects on the
restoration timeframe analysis (Section 6.4.1) .
Comment 9
2. Comparison of potentiometric surfaces for the 15-foot zone during April 1994 (fig. 21) and
September 14, 1994 (fig. 34) indicate the different flow patterns. The difference may be due to
reversal of ground water flow near the flood control channel. The influence of seasonal
variations and effect of water level in the flood control channel on ground water flow in the 15-
foot zone should be evaluated, particularly with respect to the proposed slurry wall.
HCI concurs with the reviewer's comment that the different flow patterns for the 15-foot zone
during April 1994 and September 14, 1994 may be due to the reversal of ground-water flow near
the flood control channel caused by fluctuation of water levels in the flood control channel. The
fluctuations in the flood control channel are not likely from seasonal effects but rather from short
duration storms.
The short duration of the storms will limit the amount of water that will enter the 15-foot zone.
Any water that does enter the 15-foot sand channel is expected to either flow to the west or may
re-enter the flood control channel as the water level in the flood control channel drops.
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Slurry walls are commonly used in construction dewatering projects. They are designed to
withstand significant differences in head across the wall. Therefore, an impact of fluctuating
ground- water levels on the performance of the slurry wall is not expected.
Comment 10
6.4.1 - Sensitivity of the PUMP Model to Changes in Kd, Mass Transfer Rates, and Flow Rates
Page 86 - It was first reported on pg. 74 then on pg. 86 that injecting clean water will not
enhance the rate of arsenic removal because the rate of transfer of arsenic from soil to water
Is diffusion limited, and is independent of the rate of ground water flow. It should be noted that
Picks First Law simply states,

F = -D dC/dx
where F is the mass flux, D Is the diffusion coefficient, and dC/dx is the concentration gradient.
While it may be true that injecting clean water (or simply pumping faster) will increase ground
water flow velocity and push arsenic desorption farther from equilibrium; it should be noted that
injecting clean water will increase the rate of diffusion by increasing dC/dx, and F increases
linearly.
Similar to the previous comment, assuming this issue were resolved by simulating a "clean
water" injection scenario, it is unlikely that the conclusion regarding excessive clean-up
timeframes would change. This comment is provided only for technical clarification. However,
additional effects of diffusion under the proposed containment scenario are discussed further,
below.
The reviewer is correct in his assessment that a simple Fickian system would respond more
rapidly to changes in concentration caused by injection of clean water. But in the soil water
system under study, the affects on rate of arsenic removal are not significantly changed by
injection because of the very slow rate of arsenic release from the solids. HCI agrees with the
reviewer's comments that "it is unlikely that the conclusions regarding excessive clean-up time
frames would change."
The model uses mass-transfer coefficients to accommodate various geochemical processes,
including diffusion and desorption. The PUMPH models are equivalent to simple batch reactor
models. Changes in — are not explicitly included in the model because a distance functiondx
is not considered. Changes in — are included in the calculations. The model does responddtjs-ito changes in — through the k+ and k" mass transfer coefficients. Decreases in concentrationdt



in the aqueous phase will cause an overall increase in the transfer of arsenic from the solid to H
the liquid phase. The mass transfer coefficient includes several simultaneous processes, the ~*
dominant process is release of arsenic from solids to the aqueous phase. The release of arsenic
is considered to be rate limiting. The mass transfer coefficient mainly describes exchange
between solid and liquid, although other reactions are included in the term. Changes in
concentration are accommodated in the model by the back reaction coefficient (kr).

-—IComment 11 ^
&7.0 - Evaluation of Alternative Remedial Strategies OV*If pump and treat remediation could not be attained, one of the remediation alternatives

suggested in the contingency measures of the ROD is containment of the arsenic by installing a
slurry wall around the site. Given the circumstances of technical impracticability and the
evaluation of the various alternatives considered in this document, it appears appropriate to
further evaluate construction of a slurry wall around the site which encompasses the portion of
the plume greater than 0.05 mg/L and to the bottom of the 35' zone. This alternative appears
to be cost effective and logical.
No response required.
Comment 12
7.1 - Physical Containment
One concern that has not been considered are the effects of diffusion. Diffusion would be of
greater concern in the slurry wall scenario rather than the sheet piling scenario. This issue is
described in more detail below, in Attachment A.
HCI has evaluated diffusion of arsenic through the slurry wall. A description of the calculations
and the conclusions from the calculations are included in an Appendix to the TI report
(Appendix I). Based upon calculations summarized in Appendix I, HCI concludes that diffusion
is not a mechanism that will impact the performance of the slurry wall.
As a system, a slurry wall will provide greater protection of the ground water than a sheet pile
wall system will for the following reasons:

• The sheet pile system has mechanical interlock joints located approximately every
18 inches along the length of the wall. These interlock tend to be highly
permeable as compared to either the steel plate or slurry wall backfill (IxlO'8
cm)/sec. The sheet pile system can have a resulting advective flow through die
wall system that is one to two orders of magnitude greater than through the slurry
wall. The reduced advective flow through the slurry wall as compared to the
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sheet pile wall results in a significantly greater protection to ground water,
regardless of the diffusion characteristics of the wall system.
A steel sheet pile wall has a design life, whereas the slurry wail backfill,
consisting of geologic materials, has an unlimited design life.
Unlike a sheet-pile barrier, a slurry wall does not have seams that can leak, and
the thickness of the wall produces concentration gradients that limit the mass of
arsenic outside the wall.

Comment 13
8.3 - Evaluation of Slurry Wall
1. For optimum cost and slurry wall placement, it was proposed to install one extraction well
outside of the downgradient end of the wall in the more transmissive buried 35-foot channel to
capture a small portion of the arsenic where concentrations are greater than 0.05 mg/L. This
scenario, with interior and exterior pumping, appears appropriate and should be further
evaluated. The costs and advantages and disadvantages of capping the entire area inside the
slurry wall should be compared with the cost of constructing and operating the pressure relief
well.
The property north of the Crystal Chemical Site is not controlled by SPTCo. Therefore, any
cost estimate related to capping the entire area enclosed by the slurry wall would not be relevant.
Comments 14 and 15
2. Comparison of the areal extent of the TI zone (fig. 7) and. the location of a proposed slurry
wall (fig. 59) indicates that the slurry wall does not contain the extreme east and west areas of
the 15-ft sand 77 zone. It is recommended that this issue is clarified.
3. In the eastern area, outside of the proposed wall, it appears arsenic will be enclosed in a
stratigraphic trap with the western movement blocked by the slurry wall and on the sides by the
low permeability clay that surrounds the 15-foot channel. In the western area it is possible that
the construction of the slurry wall will isolate it from high arsenic concentrations near Pond 2.
Assuming that these areas are left outside the slurry wall, monitoring of both the eastern and
western extremes of the Tl zone outside the slurry wall is recommended. This will help in
evaluating the transient concentrations of arsenic over time.
Information related to these: two comments was provided in Sections 8.2 (page 103-104) and
10.2 (Item 10) of the TI Report. Also a similar comment was presented by the Office of
Emergency and Remedial Response. See Comment 4 in the first section of this attachment.
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Ground-water monitoring will be implemented in both areas. The proposed monitoring plan is
included as Appendix K to the revised TI.

o—io

Comments 16 and 17
General Comments
1. The TI report presents detailed information and appears to address the TI evaluation
components as outlined in the EPA guidance document on TI (U.S. EPA 1993). The geologic,
hydrologic, and contaminant information has been obtained by a thorough site investigation as
required in the recommended guidelines for evaluating a TI waiver request.
2. The data and information presented and projections made in these reports appear to be
reasonable and support the conclusion that pump and treat technology is technically
impracticable as a remediation strategy for this site. Since the Administrative Order of Consent
for "front-end" waivers has been documented as acceptable, it appears appropriate to accept the
requested Technical Impracticability Waiver and develop alternative remedial strategies. There
are several technical issues identified above that should be addressed during the continued
development of the remedial strategies.
No response is required.
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